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	 	 Abstract
 
Structural optimization methods have been used by mechanical and civil engineers over the years 
to find the optimal structures. Structural optimization is a series of computational techniques 
which include shape and topology optimization. Shape optimization is directly applied to the 
boundaries of a structure and results in the deformation of the configuration. Topology 
optimization contributes to the improvement of the layout of the material in a domain. The 
mechanical performance of a structure is evaluated by an objective function which can be for 
example maximizing its stiffness. 
The need for effective and cost efficient reactors for pharmaceutical processes forces the industry 
to search for better technologies. In biochemical engineering, the used reactor design in a given 
process is usually limited to a range of well-established configurations and layouts. Usually the 
implemented reactors in a chemical process do not always yield in the best reaction conditions. 
This thesis develops an innovative application of topology and shape optimization methods to a 
chemical engineering problem. The main goal is to design a reactor according to the limitations of 
the reaction system by modifying the reactor configuration.  
In this thesis structural optimization methods were exclusively applied to enzymatic 
microreactors. The case studies were chosen such that they can be experimentally tested 
afterwards. In this way, the design of the reactor is customized to the reaction system and it 
contributes to the reduction of extensive experimental work to find the best reactor configuration.  
Shape optimization has been applied to an YY-microreactor with a rectangular cross-section with 
the intention to investigate the shape influence on the active mixing of substances and 
consequently in the reaction yield. The inlet and the outlet are located at the respective ends of the 
reactor. Both inlet and outlet have a Y shape where two streams meet at the entrance of the 
reaction chamber and two streams are split again at the exit. The optimization routine focuses on 
the modification of the microreactor shape parameters such as height and width. This is achieved 
by a computational fluid dynamic (CFD) simulation study, which investigates a biocatalytic 
reaction for the production of optically pure chiral amines in the reactor system.  The routine 
implements kinetic models into a CFD framework (ANSYS CFX®), which is coupled with a self-
programmed MATLAB® code. ANSYS CFX® performs the discretization of the microreactor 
into finite volume elements and calculates the main reactor outputs. The MATLAB® routine 
performs the optimization by changing the geometry. Furthermore, it includes the evaluation of 
the objective function, the new definition and execution of the next simulation for each new 
microreactor shape. Afterwards, the performance of the system is evaluated by comparing the 
objective function (reaction yield) with the previous best configuration. If the geometry changes 
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result in a better reaction yield, this geometry is selected as the best and the old configuration is 
discarded. The optimization routine continues until a constraint is fulfilled or the optimization 
converges. The changes of the geometry are performed by a gradient-free method named random 
search. The random search modifies the design variables by sampling in an arbitrary manner from 
a vector which sets the variation limits. 
Subsequently, the same coupled routine between ANSYS CFX® and MATLAB® is applied to 
topology optimization. The method was used as a novel technique to computationally discover 
the best spatial distribution of an enzyme inside microreactors. Usually, the enzyme is uniformly 
distributed inside a reactor, which can mean either at a wall surface or in a packed bed reactor or 
free in solution. Therefore, these three applications are studied. 
The aim is to improve the product formation per same amount of enzyme in the reactor. The 
Evolutionary Structural Optimization (ESO) method is adapted to perform the optimization. The 
ESO method removes inefficient elements from a structure by a gradual and iterative procedure 
according to a rejection criterion which determines the elements that should be removed every 
iteration. 
The MATLAB® routine is featuring the adaptation of the ESO method to the biocatalytic reactor. 
The two-dimensional topology optimization is applied to a microreactor with immobilized 
enzyme on the wall surface. The selected reactor geometry is an adaptation of a previously 
scientific documented shape used in topology optimization of microreactors. The three-
dimensional topology is computationally applied to the distribution of enzyme in a miniaturized 
packed bed reactor as well as to a microreactor with free enzyme in the volume. 
In the last part of the thesis, the topology of microreactors is the experimentally studied. This is 
achieved by using the peroxidase-catalyzed oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) (ABTS) to its radical form by reduction of hydrogen peroxide. The determination 
of the kinetic mechanism is required in order to validate the optimized microreactors. Two 
microreactor shapes are topology optimized for posterior experimental validation. The first shape 
corresponds to the shape with immobilized peroxidase on the wall surface. The experimental 
validation was attempted by using a photochemical reaction. The reaction attaches linkage 
molecules to a masked surface, which has an immobilization pattern. The linkage molecules will 
thereafter react with the enzyme molecules binding them covalently to the surface. 
The second microreactor configuration corresponds to a square shaped cross section 
microchannel with free enzyme in solution. For this case study, a well-mixed solution of enzyme 
and substrate is considered to enter the microreactor. The experimental comparison is performed 
by comparing an improved inlet configuration with a reference system. The configurations were 
selected and fabricated as a compromise considering the outcome of the topology optimization 
and the limitations of the fabrication process.  
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	 	 Resume
 
Metoder til optimering af strukturer er et hyppigt brugt værktøj af bygningsingeniører og 
maskiningeniører til finde optimale strukturer. Optimeringen er baseret på brugen af en række 
beregningsteknikker der beregner optimal form og topologi af et givent objekt. Formoptimering 
anvendes direkte på begrænsende overflader af en struktur og resulterer i deformation af objektet. 
Topologioptimering anvendes til at forbedre strukturen af objektet. Den mekaniske ydeevne af 
strukturen evalueres baseret på en funktion, der for eksempel maksimerer stivheden af den givne 
struktur. 
I den farmaceutiske industri er der et massivt behov for at reducere omkostninger og øge 
effektiviteten af reaktorer, hvilket øger efterspørgslen på bedre teknologier og metoder. Hyppigt i 
kemiske og biokemiske processer er reaktorkonfigurationen begrænset til en række veletablerede 
design og konstruktioner. I mange tilfælde forårsager disse veletablerede design og 
konstruktioner dog en forringelse i effektiviteten af den kemiske/biokemiske proces. Dette 
skyldes at det tit er svært at sikre optimale reaktionsbetingelser i disse veletablerede 
reaktorkonfigurationer og geometrier. Formålet med denne ph.d. afhandling er derfor at udvikle 
anvendelsen af form- og topologioptimerings metoder til at løse disse problemstillinger. Mere 
specifikt er målet at optimere reaktionens betingelser ved at designe optimerede 
reaktorgeometrier indenfor begrænsningerne for et givent reaktionssystem.  
I denne ph.d. afhandling er optimeringsmetoderne udelukkende blevet benyttet på casestudies der 
fokuserer på at optimere enzymatiske mikroreaktorer. Disse casestudies er valgt således, at 
resultatet af optimeringen kan valideres eksperimentelt. Optimeringsmetoderne gør det muligt at 
undgå omfattende eksperimentelt arbejde i bestræbelserne efter optimale reaktordesign. 
Mere præcist er formoptimeringsmetoderne blevet brugt til at optimere formen af en YY-
mikroreaktor, med et rektangulært tværsnit, for at forbedre blandingen af komponenter i systemet. 
Indløbet til og udløbet fra reaktoren har begge en Y form og er placeret i de respektive ender af 
reaktoren. Y-formen gør det muligt at sammenføre to strømme ved indgangen af reaktoren og 
splitte dem igen ved udgangen. Den benyttede optimeringsrutine varierer formparametre, som 
højde og bredde. Optimeringen foretages ved brug af Computational Fluid Dynamics (CFD) 
simuleringer, der beregner indflydelsen af de optimerede reaktorformer på den undersøgte 
enzymatiske reaktion. Beregningsrutinen implementerer modeller der beskriver enzymkinetikken 
i CFD (ANSYS CFX®) simuleringerne, koblet med MATLAB® kode der varierer 
formparametrene. ANSYS CFX® diskretiserer automatisk for miniaturereaktoren i begrænsede 
volumenelementer og beregner de opnåede udgangskoncentrationer fra reaktoren. MATLAB® 
beregningsrutinen optimerer derefter udbyttet ved at ændre geometrien, så 
udgangskoncentrationerne bliver optimeret. Ydeevnen af det optimerede system evalueres ved at 
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sammenligne reaktionsudbytte fra hver af de testede geometrier for miniaturereaktoren. Hvis de 
indførte ændringer i reaktorgeometrien resulterer i et bedre reaktionsudbytte, vælges denne nye 
geometri som den bedste og den gamle konfiguration kasseres. Optimeringens rutinen fortsætter 
indtil en manuelt defineret forudsætning for reaktionsudbytte er opfyldt, eller optimeringen 
konvergerer. Ændringerne af geometrien udføres af en gradient-fri metode kaldet Random search. 
Random search ændrer designparametrene ved vilkårligt at opsamle nye parameterværdier fra en 
vektor der beskriver systembegrænsningerne. 
Efterfølgende er koblingen mellem ANSYS CFX® og MATLAB® og beregningsrutinen blevet 
benyttet til at foretage topologioptimering. Metoden blev anvendt som en ny teknik til at beregne 
den bedste rumlige fordeling af et enzym inde i en miniaturereaktor.  Normalt er enzymet ligeligt 
fordelt inde i en reaktor, hvilket kan betyde enzymet enten er på reaktoroverfladen, på partikler 
der er pakket i en packed bed reaktor eller frit i reaktionsmediet. Derfor er disse tre forskellige 
måder at bruge enzymer i en reaktor undersøgt.  
Målet med topologioptimeringen er at forbedre reaktionsudbyttet for en given mængde enzym i 
reaktoren. ESO (Evolutionary Structural Optimization) metoden benyttes til optimeringen. ESO 
metoden fjerner ineffektive elementer fra en struktur med en gradvis og iterativ procedure.  
En todimensionel topologioptimering blev testet på en miniaturereaktor med immobiliseret 
enzym på reaktoroverfladen. Den valgte reaktorgeometri til denne del af topologioptimeringen er 
inspireret af en tidligere videnskabeligt dokumenteret reaktorgeometri. En tredimensionel 
topologioptimering blev anvendt til at beregne den optimale placering af enzymer i/på partikler i 
en miniaturiseret reaktor, samt for en miniaturereaktor hvor enzymet befandt sig frit i 
opløsningen.   
I den sidste del af denne afhandling er topologioptimering af miniaturereaktorer undersøgt 
eksperimentelt. Valideringen blev påvist ved oxidering af 2,2’-azino-bis(3-ethylbenzthiazolin-6-
sulfonsyre) (ABTS) ved at reducere hydrogenperoxid katalyseret af en peroxidase. I alt er to 
miniaturereaktorgeometrier topologioptimeret med det specifikke formål at eksperimentelt 
validere optimeringen. Den første geometri fokuserer på immobilisering af peroxidase på 
reaktoroverfladen, hvor valideringen blev forsøgt baseret på en fotokemisk reaktion. Den 
fotokemiske reaktion gør det muligt at binde peroxidase enzymet til overfladen i et ønsket 
mønster, som er påkrævet for at påvise topologioptimeringen. 
Den anden miniature reaktorgeometri fokuserer på en firkantet reaktor kanal geometri, hvor 
enzymet er frit i opløsningen. I dette studie er det antaget at enzym og substrat er perfekt 
opblandet når de fødes til reaktoren. Optimeringen blev eksperimentelt valideret ved at 
sammenligne et optimeret system med et reference system. Valget af geometrier til valideringen 
af topologioptimeringen blev baseret på systemer, som ikke var begrænset af 
produktionsprocessen af reaktoren. 
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	 	 1 Introduction
 
In biochemical engineering, only certain well-defined configurations are used as reactors in a 
process. The stirred tank reactor is the most common design used in biochemical processes such 
as in the pharmaceutical industry. Usually, the reactor operating conditions (e.g. pH, temperature, 
flowrate, inlet concentration) are optimized after the configuration has been defined. This 
project’s main goal is to perform the intensification of the reactor differently and to optimize the 
reactor layout or configuration. Therefore, instead of adapting the reactor operation conditions, 
the reactor configuration is tailor-suited to the limitations of the reaction system. 
This thesis presents a series of investigations for application of structural optimization methods to 
enzymatic microreactors. These techniques are usually used in mechanical engineering for 
improving the layout of structures. Structural optimization is a set of computational methods such 
as shape optimization and topology optimization. Shape optimization involves the deformation of 
the boundaries of an object. Topology optimization finds the optimal structure by changing the 
layout of the material in a domain. Both shape and topology optimization methods can be applied 
to several reaction systems in chemical engineering. In this thesis, they are applied to enzymatic 
microreactors. Figure 1.1 shows a comparison of the actual process intensification strategy and 
the novel strategy proposed in this thesis. Additionally, it also shows the link between the 
optimization methods from mechanical engineering and the new process intensification strategy. 
This project covers a broad range of research areas such as structural optimization methods, 
computational fluid dynamics, programming, microreactor fabrication and biocatalysis. 
Moreover, the learning of the structural optimization methods required studying the basic 
concepts from physics and mechanics in order to understand how the methods work and how they 
could be applied to chemical engineering. 
Chapter 1 
 2 
 
 
Optimization in 
Chemical Engineering 
This thesis Optimization in 
Mechanical Engineering 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 1.1 – Overview of project objective. Comparison between the general process intensification method and the 
innovative technique presented in this thesis using topology and shape optimization.  
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1.1 Motivation	and	specific	research	goals	
In the pharmaceutical industry, numerous enzymes are used in the production of medicinal 
products and intermediates. Enzymatic reactions are usually characterized by complex kinetic 
mechanisms which might be associated to two or more substrates as well as substrate or product 
inhibition.  
The design of a reactor usually does not take into account the different characteristics of the 
enzymatic reaction systems. Thus, the implemented reactor in a biochemical process does not 
yield the best reaction conditions. All reactors are characterized by their flow regime; it can be 
either laminar or turbulent. The flow in microreactors is laminar which is characterized by a 
parabolic flow profile, significant difference in radial residence times and mass transport by 
diffusion which results in large concentration profiles.  
The non-uniform fluidic conditions and complex kinetics for an enzymatic reaction give a clear 
motivation to investigate the shape of microreactors and the topology optimization of the enzyme 
in microreactors in order to improve the product formation yield. The application of both shape 
and topology optimization methods gives the opportunity for developing an innovative strategy 
for reactor design and a new method for process intensification. These methods will be used to 
find the reactor with best performance regarding the reaction system properties. Moreover, many 
microreactor fabrication techniques are currently available which give the opportunity for 
possible experimental validation of these optimization methods.  
Therefore the specific goals for this project are: 
 
 The development of the interface between the computational fluid dynamics software 
(ANSYS CFX®), which evaluates the microreactors fluid dynamics and yields, and the 
optimization cycle implemented in the numerical software (MATLAB®).   
 The investigation of the application of structural optimization methods used in 
mechanical engineering for optimizing a chemical engineering problem, specifically 
enzymatic microreactors. The development of a new process intensification strategy for 
reactor design. Instead of optimizing the operating conditions to a well-known design, the 
reactor configuration will be optimized in terms of layout in order to satisfy certain 
operating conditions. 
 The application of shape optimization to a microreactor to evaluate how the variation of 
the geometry influences the reaction yield by keeping a constant the residence time of the 
compunds. 
 The verification of using topology optimization methods for finding new microreactor 
configurations, which can produce more products from the same amount of enzyme and 
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substrates. In this way it is possible to find the best or at least an improved design before 
testing the microreactor in laboratory.  
 The experimental work for the verification of computational results by comparing 
intensified microreactors with reference reactors.  
1.2 Thesis	outline	
This thesis is divided in three parts: theoretical background, computational investigations and 
experimental investigation.  All the computational investigations were performed considering that 
the microreactors operate under steady-state conditions. 
Chapter 2 provides an introduction and background of the main aspects regarding shape and 
topology optimization. An overview about the important applications and the most commonly 
used methods for these two types of optimization are presented. This chapter includes also a brief 
description of the main aspects behind computational fluid dynamics and an insight into the setup 
of a CFD simulation using ANSYS CFX®. An overview about process intensification using 
microfluidics and main aspects regarding mixing inside a microsystem is presented. Finally, the 
application of shape and topology optimization to microreactors is reviewed. 
Chapter 3 includes an investigation of shape optimization of a specific microbioreactor. For 
implementation of the shape optimization method, the interface between ANSYS CFX® and 
MATLAB® was established. This chapter includes a detailed description of the implementation of 
the shape optimization method and the interface of the two software tools. The enzymatic reaction 
chosen for this investigation is the synthesis of the chiral amine (S)-1-phenylethylamine and 
acetone from acetophenone and isopropylamine using amine transaminase as biocatalyst. This 
enzymatic reaction is characterized by both substrate and product inhibition and an unfavorable 
thermodynamic equilibrium, which drives the reaction towards the substrates. 
Therefore, this computational study investigates the influence of the reactor shape on the mixing 
of enzyme and substrates streams, possible in situ product removal (ISPR) for the improvement of 
product yield. 
Chapter 4 focuses on the adaptation of one of the topology optimization methods from the 
scientific literature and on the development of the interface between ANSYS CFX® and 
MATLAB® for applying the chosen method. Moreover this chapter includes two computational 
case studies of topology optimization. One of the case studies is the application of a two-
dimensional optimization of immobilized enzyme distribution on the wall surface of the 
microreactor. The other case study investigates a three-dimensional topology optimization of 
immobilized enzyme in a packed bed microreactor. In this chapter, the computational studies 
were made in order to investigate how the flow conditions, mass transport phenomena, substrate 
and the reaction rate influence the product yield. The study does not include an evaluation of 
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strategies such as ISPR and therefore a simpler reaction mechanism is chosen. The chosen 
enzymatic reaction system follows Michaelis-Menten kinetics (݇௖௔௧ ൌ 100	ݏିଵ, ܭெ ൌ 25	݉ܯ).  
Chapter 5 presents a series of experiments for verification of the computational results. These 
experiments are the initial stage for the validation of the topology optimization method. It 
includes the characterization and determination of the kinetic parameters for the chosen reaction 
system. The reaction system corresponds to peroxidase-catalyzed reduction of hydrogen peroxide 
by oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) to its radical form. 
The subsequent sections present the experimental work for investigation of topology influence on 
microreactors for both two-dimensional and three-dimensional case studies, respectively. Each 
case study includes the computational optimization of a microreactor with the determined kinetic 
mechanism and the experimental work for verification of the simulations outcome.  
Chapter 6 presents an overall conclusion with the most important findings from this thesis and 
proposes possible future work for further research on process intensification using shape and 
topology optimization. 
 
1.3 Publications	included	in	the	thesis	
The following publications have resulted from the work presented in this thesis. The published 
manuscript is provided in Appendix A.  
Pereira Rosinha, I., Woodley, J., Gernaey, K., Krühne, U. (2015) Topology optimization for 
biocatalytic microreactor configurations. 25th European Symposium on Computer Aided 
Process Engineering, Conference Proceedings 
Parts of this publication have been included in Chapter 4 in order to explain the adaptation of the 
Evolutionary Structural Optimization method and the topology optimization routine. 
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2 Theoretical	background	and	literature	review	
2.1 Introduction		
This chapter includes a presentation of the main aspects regarding shape and topology 
optimization. An introduction of the shape and topology optimization concepts will be made and 
it will be complemented with an overview of applications and frequently applied methods to these 
types of optimization studies. Furthermore, a comparison between gradient-based and gradient-
free methods will be made. Both categories will be described and one method for each class will 
be presented. Subsequently it will be possible to highlight the main differences between gradient-
based and gradient-free methods, and to present their strengths and weaknesses. 
This chapter will also give a brief insight into the theoretical aspects behind Computational Fluid 
Dynamics (CFD) such as the history, the concept and the discretization and calculation methods. 
Moreover the reader will be able to understand how the software used in this thesis (ANSYS 
CFX®) works. 
This chapter also presents an overview of microfluidics and process intensification applied to 
microfluidics, since shape and topology optimization will be applied to microreactors in this 
project. 
Finally, the cases of shape optimization and topology optimization applied to microfluidics will 
be reviewed. 
 
 
 
Chapter 2 
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2.2 Topology	and	shape	optimization	
Topology and shape optimization are computational techniques often used in mechanical and civil 
engineering with the purpose of finding an optimal structure. The evaluation of the structure 
performance is made by an objective function which can be maximizing stiffness or a minimal 
amount of material used in the structure. 
Topology derives from the Greek words place (topos) and study (-logy) which corresponds to the 
field in mathematics which studies the spatial properties. Topology optimization is defined as a 
mathematical methodology which optimizes the layout or distribution of the material in a defined 
domain, by satisfying given constraints and minimizing (or maximizing) an objective function1,2. 
In turn, shape optimization is defined as a mathematical method which identifies the optimal 
shape by the deformation of the shape of the object by minimizing (or maximizing) an objective 
function and fulfilling a series of restrictions1.  
The shape optimization procedure is directed to the boundaries of the object. This means that no 
material is added or removed from the object; there is instead a deformation of the shell of the 
object. The deformation of the shape during the optimization procedure also involves the constant 
alteration of the domain which can be a complex process and problematic for the numerical 
solution. 
On the other hand, in topology optimization the material can vary between no material or solid 
material within the domain, allowing also the material with densities between zero and solid 
material. Therefore, in topology optimization it is possible to remove material and generate 
structures with low or reduced amounts of material.  
Shape and topology optimization procedures combine optimization methods and numerical 
methods, such as finite element method (FEM) or finite volume method (FVM), which will be 
explained further in this chapter. 
The basic terms in a general optimization problem are3: 
- Objective function: represents an equation in continuous problems or an amount in 
discrete problems which is optimized (minimized or maximized) according to changes of 
the design variables and following previously defined constraints. 
- Design domain: is the allowable volume or area within which the design can exist.  
- Design variables: are numerical parameters which make changes to the system during the 
optimization. Design variables can be continuous or discrete. 
- Constraints: are the limits imposed to the system which will be optimized. 
- Governing equations: are the equations which describe the physics or fluidics of the 
structure to be built. 
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2.2.1 Historical background 
Structural optimization was first introduced at the end of the 19th century by Maxwell (1890)4 who 
established the first theorems regarding the design of structures based on compression and tension 
elements3. His work was continued by Michell5 in 1904 which is more recognized and well-
known by the experts in this field due to his demonstration on obtaining unique configurations by 
minimizing their weight. His work corresponds to the basis for the development of direct design 
methods. 
In the 1960s and 1970s, structural optimization research has experienced intense activity due to 
the affordable development of computers. In this period, the first structural optimization methods 
and numerical methods were presented and the researchers focused on discrete methods to solve 
structural optimization problems. Schmit6 is considered widely to be the pioneer of the modern 
structural optimization methods by his work published in 1960. His work introduces the idea of 
combining the finite element analysis and non-linear programming mathematical methods in 
order to create automated methods to find the best configuration of a structure. Although the work 
developed during the 1960’s decade revolutionized the way to design structures, the methods 
demonstrated to be highly computationally expensive 7. For instance, a simple problem would 
often need hundreds of analyses of the structure which means that for large structures the 
computational cost of the optimization would be prohibitive. Computational cost is here defined 
as the amount of time necessary to solve an optimization problem computationally.  
In the late 1960s, Prager8 and Venkayya9 have presented a new numerical method to apply to 
structural optimization known as Optimality Criteria10. This approach does not minimize directly 
the objective function, instead it specifies a criterion subjected to constraints and the design which 
satisfies it is considered to be the optimum. The main idea is to define a criterion which 
characterizes the optimal structure as a recursive formula which leads iteratively to the solution. 
This technique is considered to be intuitive and more efficient than the previous methods. 
Moreover, it also revealed to be an effective tool since it often provided a near-optimum design 
independently of the problem size10. 
In the 1980s, along with the exponential development of the computing technologies, the 
theoretical work on structural optimization was continued with further focus on numerical 
methods and application to larger-scale and realistic structures. In this period, structural 
optimization methods were continuously studied and the continuum structural optimization was 
introduced and widely developed. 
The modification of the layout of the material revealed to be complex by using the shape 
optimization methods due to the fact that every iteration implied the modification of the model of 
the finite elements11. This challenge resulted in the search of methods which did not involve the 
modification of the domain but focused only on the distribution or layout of the material. 
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Therefore, in the end of the 1980s, Bendsøe and Kikuchi12 have developed an alternative to the 
shape optimization named topology optimization. In this alternative method, the initial domain of 
the structure is fixed and therefore the finite element analysis used in the optimization process is 
unaltered.  
The most well-known Isotropic Solid and Empty (ISE) methods in topology optimization are 
Solid Isotropic Material with Penalization (SIMP) and Evolutionary Structural Optimization 
(ESO). These gradient-based methods were the first methods to be developed for isotropic 
structures13. In an ISE method, the elements of the domain are either filled by a particular 
isotropic material or they are empty. An isotropic solid is a solid for which its physical properties 
do not depend on its orientation. Gradient-free methods have also been proposed for topology 
optimization14–16, however these methods have the disadvantage of becoming excessively 
computationally expensive17. 
The basic idea behind the SIMP method was proposed by Bendsøe in 198918, but it was first 
introduced by Rozvany et al.11. This method is nowadays the most commonly used by the experts 
in the field. The ESO method was developed by Xie and Steven19 and it has also been applied in 
various structural optimization problems. These two methods revolutionized the field of structural 
optimization by simplifying the implementation of structural optimization and enabling its 
application to more realistic problems. Further in this chapter, these two methods will be 
described in more detail. 
 
2.2.2 Shape optimization methods – gradient-based and gradient-free methods 
In shape optimization, several algorithms have been used over the years to solve structural 
optimization problems. These methods can be divided essentially in two categories: direct search 
methods often called gradient-free and gradient-based methods or sequential approximation 
methods. 
Gradient-based methods are defined as deterministic algorithms which convergence to the 
optimum solution driven by the gradient of the objective function. Gradient-free optimization 
methods do not use derivatives in order to determine the optimum. Gradient-free methods are 
procedures which use heuristics like finding optimal solutions by trial and error or mimic the 
process of natural selection like evolutionary or genetic algorithms. 
 
2.2.2.1 Gradient based methods 
In the scientific literature, the majority of shape optimization studies is performed using gradient-
based optimization procedures (e.g. Jakobsson and Amoignon (2007), Allaire et al. (2009), Mader 
and Martins (2014), Giannakoglou et al.(2012) 20–23). The two most frequently used gradient-
based methods are the adjoint method and the level-set method. In this section, only the adjoint 
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method will be described in detail to give the general idea of how the gradient-based methods 
work, and will be afterwards compared with the gradient-free methods. The level-set method has 
been described in detail by Osher 24 and Sethian25 
The adjoint method is often used in problems related to fluid dynamics cases such as aerodynamic 
shapes 26–28 and is characterized by the discretization of the governing equations. The adjoint 
method was described well by Giannakoglou and Papadimitrious 29. The adjoint method can be 
presented by two approaches: continuous or discrete. In continuous adjoint methods, the adjoint 
partial differential equations are built from the partial differential equations (PDE’s) which define 
the flow. Afterwards, the adjoint PDE’s are discretized and numerically solved. In contrast, in the 
discrete approach the adjoint equations are obtained directly from discretized PDE’s describing 
the flow.  
The discrete adjoint method is characterized by transforming a constrained optimization problem 
into an unconstrained problem by introducing Lagrange multipliers as adjoint variables 29. 
Lagrange multipliers are used to find minima or maxima of a function, subject to equality 
constraints without the need of solving explicitly the constraints or use them as extra variables 30. 
The discrete adjoint method can be formulated by the following problem representation: 
 
  ݉݅݊ ܬሺݍ,ߖሺߛ௜ሻሻ 
ݏݑܾ݆݁ܿݐ ݐ݋ ܰሺݍ,ߖሺߛ௜ሻሻ ൌ 0  (2.1)
 
where ܬ is the objective function, ߛ௜ corresponds to a design variable (i=1,…,m) , ߖ represents the 
geometry function and ݍ is the flow variable and	ܰ corresponds to a governing equation. 
The total variation of the objective function with respect to a design change is given as follows: 
 
  ߲ܬ
߲ߛ௜ ൌ
߲ܬ
߲ߖ
߲ߖ
߲ߛ௜ ൅
߲ܬ
߲ݍ
߲ݍ
߲ߛ௜  (2.2)
 
or 
  ߜܬ ൌ ߲ܬ߲ߖ ߜߖ ൅
߲ܬ
߲ݍ ߜݍ 
 
(2.3)
 
Where డఅడఊ೔ is the geometric sensitivity and 
డ௤
డఊ೔ is the flow sensitivity. The variation of the 
governing equation is given by: 
  ߜܰ ൌ ߲߲ܰߖ ߜߖ ൅
߲ܰ
߲ݍ ߜݍ  (2.4)
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The variation of the governing equation can be added to the variation of the objective function 
and in this way the flow field can be eliminated from this expression. The variation of the flow 
field is not always generally available and therefore it is necessary to find an efficient method to 
handle it. 
The addition of the flow variation to the objective function variation results in the so-called 
augmented objective function 31: 
 
  ߜܮ ൌ ߜܬ ൅ ߣ ߜܰ  (2.5) 
or 
 
  ߜܮ ൌ ൤ ߲ܬ߲ߖ ߜߖ ൅
߲ܬ
߲ݍ ߜݍ൨ ൅ ߣ ൤
߲ܰ
߲ߖ ߜߖ ൅
߲ܰ
߲ݍ ߜݍ൨ 
ൌ ൤߲ܬ߲ݍ ൅ ߣ
߲ܰ
߲ݍ൨ ߜݍ ൅ ൤
߲ܬ
߲ߖ ൅ ߣ
߲ܰ
߲ߖ൨ ߜߖ  (2.6) 
 
So choosing a Lagrange multiplier ߣ which satisfies 
  െ൬߲ܬ߲ݍ൰
்
ൌ ߣ ൬߲߲ܰݍ൰
்
  (2.7) 
 
eliminates the flow sensitivity ߜݍ from the augmented objective function, 
  ߜܮ ൌ ൤ ߲ܬ߲ߖ ൅ ߣ
߲ܰ
߲ߖ൨ ߜߖ  (2.8) 
 
The previous equation shows that the gradient of the objective function can be obtained from the 
geometric variations and from the solution of the adjoint field resulting from equation 0. 
According to these equations, the objective function is independent of the flow field variables. 
The adjoint method is the only gradient-based method in the literature which is independent from 
the number of design variables. Therefore, it has a low computational cost when performing 
sensitivity analysis 27. In most of the gradient-based methods, sensitivity analysis is performed by 
varying each design variable by a small amount and then, objective function is recomputed 
according to the sensitivity results. Thus, for each iteration, it is necessary to find ݊ ൅ 1 CFD 
solutions to solve an iteration of a problem with ݊ design variables. In contrast, the adjoint 
method only requires performing one CFD solution per iteration. 
 
2.2.2.2 Gradient-free methods 
Despite the common application of gradient-based methods in shape optimization, there are some 
cases in which the optimization procedure consists of a gradient-free optimization method 32–34. 
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Genetic algorithms, pattern search and random search are some of the gradient-free optimization 
methods which can be applied to shape optimization35–38. 
Random search is a simple gradient-free optimization method and it has been occasionally applied 
to shape optimization in mechanical engineering 36,39. In contrast to deterministic methodologies 
which characteristically guarantee convergence asymptotically, the random search method 
ensures the convergence through randomness and probability. Random search methods can be 
applied to both continuous and discrete optimization problems. 
One advantage of random search methods compared with deterministic methods is that they can 
be applied to problems where the objective function is non-differentiable, discontinuous, discrete, 
or they can even be applied to a continuous-discrete domain. 
Another advantage of the random search method is the possibility to implement the method in 
complex problems with discontinuous functions. Since this method only relies on function 
evaluations instead of gradient information as the deterministic methods, the random search 
method does not require that the objective function is a continuous expression 40. Furthermore, the 
random search method is characterized as “robust” and is also known by its good performance 
since it generates quickly useful information in optimization problems. 
The generic random search algorithm is defined by the following optimization problem41: 
 
  
 
Objective function:   ܬ ൌ ݉݅݊
̅ݔ ∈ ܵ
݂ሺ݌̅ሻ  (2.9)
 
where ݌̅ is the vector of n design variables, ܵ is an n-dimensional non-empty region and ܬ is the 
objective function. The objective function for random search may be a “black-box” function, i.e. 
the objective function does not need to be defined by a mathematical expression and can be a 
numerical value of ݂ which is returned for an input of ݌̅. 
The general random search algorithm is described by a sequence of iterates ݌̅௜ on the iteration 
݅ ൌ 0,1, … which may depend on the previous points and algorithmic parameters. The vector ݔ௜ 
may represent a single point or a collection of points.  The generic random search algorithm is 
given by 41: 
Step 0: Initialization of the random search with the initial vector ݌̅଴ ⊂ ܵ and iteration index ݅ ൌ 0. 
Step 1: Generate a collection of candidate points ݍത௜ାଵ ⊂ ܵ according to a specific generator. 
Step 2: If ݂ሺݍത௜ሻ ൏ ݂ሺ݌̅௜ሻ a new local optimum set of points has been found. Update the vector  ݌̅௜ 
based on the optimum set of points ݍത௜ାଵ. 
Step 3: If a stopping criterion is met, stop the optimization routine. Otherwise increase ݅ and 
return to Step 1. 
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The generic random search algorithm is dependent on the generator procedure of the candidate 
points at Step 1 and on the update procedure in Step 2. Two examples of generator procedures are 
the single-point generator and the multiple-point generator. For the single-point generators, the 
candidate  ݍത௜ାଵ is generated based on the current point. A common method to generate a 
candidate point is to take a step size in a vector direction. Therefore, the Step 1 of the generic 
routine can be described by: 
 
  ݍത௜ାଵ ൌ ݌̅௜ ൅ ݇௜݀̅௜  (2.10) 
 
where the candidate point is taking a step from the current point ݌௜ of length ݇௜ in a specified 
direction ݀௜ on iteration ݅. 
In continuous problems the direction vector ݀௜ may follow the gradient information of the 
direction of the previous iterations and the step length may be the result of a line search. 
However, if the step direction is closely related to the gradient, as in stochastic gradient searches, 
the problem might converge to a  local optima convergence 41. Therefore, the application of 
procedures to escape the local minima and find the global minimum must be introduced.  
An alternative to generate the direction ݀௜ that does not use any local information is to obtain the 
direction vector by sampling from a uniform distribution on an n-sphere. The n-sphere is the 
generalization of the ordinary sphere to spaces of arbitrary dimension 42. The radius of an n-
sphere is defined by a set of points in an (n+1)-dimensional Euclidean space which are at an equal 
distance ݎ (radius) from the central point. Hence, the n-sphere centred at the origin is defined by: 
 
  ܵ௡ ൌ ሼ݌ ∈ Թ௡ାଵ: ‖݌‖ ൌ ݎሽ  (2.11) 
 
where ܵ௡ is an n-dimensional manifold in an Euclidean (n+1)-dimensional space. 
Specifically, a 0-sphere is the pair of points at the ends of a line segment, a 1-sphere corresponds 
to the circumference of the intersection of a disk and a plane and a 2-sphere corresponds to the 
two-dimensional surface which defines a three-dimensional ball.  Spheres of dimension n>2 are 
called hyperspheres 42 and are difficult for human beings to imagine. 
The step size can be generated through random generation and it may expand or shrink according 
to the success of the previously sample points. 
Another method to generate the candidate points is the multiple point generator  41. This method is 
using the current collection of points to generate the candidate points. This method is used by 
population-based random searches, which resemble biological processes such as genetic 
algorithms, evolutionary programming and ant colony optimization. Without the gradient 
information, most of the random search methods employ more than one solution for each 
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iteration. The generation of new candidate points is applied to the points, which revealed to give 
the best solutions at this point.  
Similarly to the dependence of the method to find candidate points, the random search algorithm 
is also dependent on an update procedure of the new points. After a set of candidate points is 
generated and it has been verified that it generates a better system, the random search algorithm 
specifies an updated version of the current set of points. The current set of points will take on the 
value of the set of candidate points. The update procedure can be described by: 
 
  ݌̅௜ାଵ ൌ ൜ ݍത௜ାଵ, ݂ሺݍത௜ାଵሻ ൏ ݂ሺ݌̅௜ሻ݌̅௜, ݋ݐ݄݁ݎݓ݅ݏ݁   (2.12)
 
This type of algorithm might get trapped in a local minimum if the neighbourhood or the method 
of generating candidate points is very restricted.  
Gradient-free and gradient-based methods differ in many aspects such as the approach to 
gradually find the optimum using a gradient or not and the type of objective function and domain 
they can be applied to.  
The gradient-based optimization methods are described as efficient to determine the local minima 
for nonlinearly-constrained and convex problems. However, these methods cannot be used when 
solving discrete design variables or discontinuous functions and domains since for these cases it is 
not possible to calculate a gradient43. Moreover, gradient-based methods have difficulties solving 
problems with several local minima since the gradient of these methods might evolve towards a 
local minimum of the system and present it as an optimal solution43. A potential way to overcome 
such challenges is to use a gradient-free optimizer, or to start at different initial conditions in the 
searched parameter space. Gradient-free methods are considered to have an increased chance to 
find the global optimum or a solution near the global optimum. 
In fact, in gradient-based methods, when the number of design variables is large, it may be 
prohibitive to make all objective function evaluations for a sensitivity analysis in order to obtain a 
gradient44. However, gradient-free methods might also be  computationally expensive in cases of 
problems with many design variables, since such a method does not make use of any domain 
information to guide the search45.  
 
2.2.3 Methods in topology optimization – Isotropic Solid or Empty methods 
The main idea behind the ISE methods in topology optimization is to determine the optimal 
placement of an isotropic material and which locations should be empty.  
As mentioned above gradient-based or gradient-free methods can be both applied to topology 
optimization. The most commonly used are the gradient-based methods. The implementation of 
topology optimization through gradient-free methods has been less frequently reported. However, 
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in the scientific literature, it is possible to find some applications of genetic algorithms to 
topology optimization (e.g. Kane and Schoenauer (1996) and Aydın and Ayvaz (2009)46,47).  
The two most common gradient-based optimization methods are Solid Isotropic Microstructure 
with Penalization (SIMP) and Evolutionary Structural Optimization (ESO)17. 
 
2.2.3.1 Solid Isotropic Microstructure with Penalization (SIMP) method 
The SIMP method uses the strategy of varying the density of the elements of the domain, 
assuming that the “density” (ߩ) of the isotropic material may vary between zero (no material) or 
one (with material) 18. The term density in this case does not correspond to the density of the 
material but to a pseudo-density which defines the fraction of the volume of the structure that is 
filled with the material:  
 
 
ܸ ൌ න ߩሺݔሻ݀Ω
ஐ
  (2.13) 
 
where ܸ is the volume of the structure, ݔ is an element of the domain and Ω corresponds to the 
domain. 
The first step of this method is to distribute the material uniformly with density ߩ ൌ 1 over the 
domain (Ω). A material property is used as the basis for the problem definition and as the 
objective function. The material property is a function of the density of each element of the 
domain 2,12,48.  This material property depends on the type of problem; in mechanical engineering 
it is common to use properties such as material compliance (inverse of material stiffness) or 
Young modulus (also known as the modulus of elasticity which measures an object /substance 
resistance while being deformed elastically). The objective function can then be represented by 
the following equation: 
 
  ܧሺݔሻ ൌ ߩሺݔሻ ܧ଴  (2.14) 
 
where ߩ corresponds to the design variable, in this type of problems considered to be the density 
of the material, ݔ is the position of the element on the domain, ܧሺݔሻ is the property of the material 
of element ݔ and ܧ଴ is the property basis of the isotropic material 2. The vector of densities ߩሺݔሻ 
can be defined by the following interval of values: 0 ൏ ߩ௠௜௡ ൑ ߩሺݔሻ ൑ 1. The value ߩ௠௜௡ is 
inserted in the model in order to avoid the mathematical singularity. Mathematical singularity can 
be defined as a point that fails for example in differentiability.  
This method has as main goal to obtain a discrete solution with elements with density 1 and 
elements with density 0. A possibility to approximate each iteration solution to a discrete solution 
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is to introduce a form of penalization to the continuous variable, in this case the pseudo-density, 
in order to direct the result into a discrete solution (0-1 values)2,48. 
The SIMP introduces this penalization by adding an exponent to the design variable, and the 
objective function becomes: 
 
  ܧሺݔሻ ൌ ߩሺݔሻ௡ ܧ଴  (2.15)
 
where ݊ is the penalization factor. When the exponent is higher than 3, the number of 
intermediate values of the design variable is low 48. Figure 2.1 presents the effect of raising the 
design variable to an exponent. When the penalization factor ݊ is equal to one the relation is 
linear. However, when the exponent is higher than one, the values of the objective function 
approximate the discrete solution 49. As a rule of thumb, it is advisable to choose values higher 
than 3 for the penalization factor in order to avoid intermediate density values 49,50. 
The optimization problem can be solved using one of the following approaches: Optimality 
Criteria (OC), Sequential Linear Programming (SLP) or the Method of Moving Asymptotes 
(MMA). These optimization methods are out of the scope of this thesis and therefore the reader is 
advised to read more about Optimality Criteria in Prager8, Rozvany51 and Rozvany52, about 
Sequential Linear Programming (SQL) in Kikuchi53 and Nishiwaki54 and about the Method of 
Moving Asymptotes (MMA) in Svanberg55. 
 
 
Figure 2.1 – Penalization factor (n) effect on the objective function for obtaining discrete solutions (adapted from 
Rietz49). 
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Checkerboard effect 
The refining of the discretization of the domain of the problem (the domain is represented by 
more elements) allows the better contour of the optimized configuration as a discrete solution. 
However, the refining of the discretized domain results in the formation of a checkerboard 
pattern. The checkerboard pattern is a collection of elements whose densities alternate between 
solid and void material, resembling a checkerboard. The checkerboard pattern is caused by bad 
numerical modelling that overestimates parameters such as the stiffness of the checkerboards 56. 
A solution to overcome this limitation is the use of a filtering method. Sigmund57 has proposed a 
filtering method which is applied to the gradients of the densities which avoids the steep 
variations between the pseudo-densities. This method implies a filtering on determination of the 
stiffness of an element ݔ which depends on the density in all eight points of the neighborhood of 
ݔ. This results in a smoothing of the stiffness, and consequently in a filtering of the image. In 
Figure 2.2, it is possible to visualize the effect of refinement of the discretized domain on the 
appearance of the checkerboard. 
 
            
Figure 2.2– Example of a topology optimization applied to a beam: a) coarse discretized domain; b) refined discretized 
domain and checkerboard appearance. 
 
2.2.3.2 Evolutionary Structural Optimization (ESO) method 
Similar to the SIMP method, the Evolutionary Structural Optimization (ESO) method has as main 
goal to optimize the distribution of material within a fixed domain, fulfilling specific restrictions. 
The distribution of the material is modified, by following the alterations of the mechanical 
structure. 
The ESO method has been presented by Xie and Steven in 1993 19. The idea behind this method is 
very simple; the structure configuration evolves towards the optimum by slowly removing (hard-
killing) inefficient elements in the structure. For example, elements with the lowest stresses are 
removed in order to maximize the structure stiffness. The selection of the objective function is 
very important for the optimization process and must be a function of the design variables. 
This method presents some advantages due to its straightforward implementation. Moreover, it 
allows optimizing the topology with a faster convergence than stochastic algorithms (e.g. Genetic 
Algorithm), due to the sensitivity analysis of the elements that is performed in between iterations. 
The randomness of stochastic algorithms generates a larger number of iterations in order to find 
the optimal structure. 
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The ESO method is based on the removal of inefficient elements from a structure by a gradual 
and iterative procedure, which involves the creation of a rejection criterion. The rejection criterion 
is a way to evaluate the contribution of each element in the structure and to determine which 
elements should be removed in each iteration. 
The explanation of this method in this section will be done by considering the optimization 
criterion as the maximum stress of a structure as presented by Xie and Steven. The stress criterion 
was chosen because it is a good indicator of inefficient material58. Low inefficient elements are 
characterized by low values of stress. The stress on each element should ideally be close to the 
same in every part of the structure. The stress of each element is evaluated by using the von Mises 
stress. The von Mises stress ሺߪ௏ெሻ is a parameter which determines whether an isotropic material 
will lose stability when a loading is applied to the structure. 
The stress level of each element is determined by comparing the von Mises stress of the element 
ሺߪ௫௏ெሻ with the von Mises stress of the structure ሺߪ௠௔௫௏ெ ሻ. 
After the finite element analysis, the elements which satisfy the following condition are removed: 
 
  ߪ௏ெ
ߪ௠௔௫௏ெ ൏ ܴܴ௞  (2.16)
Where ܴܴ௞ corresponds to the current rejection criterion58. The rejection criterion is maintained 
constant until the process of removing elements reaches steady state. Steady state in this case 
means that no more elements can be removed with the current rejection criterion. In order to 
continue the removal of elements it is necessary to update the rejection criterion by introducing an 
evolutionary rate. The evolutionary rate ሺܧܴሻ is added to the rejection criterion58: 
 
  ܴܴ௞ାଵ ൌ ܴܴ௞ ൅ ܧܴ  (2.17)
The removal of the elements proceeds again until a new steady state is achieved and it is 
necessary to update the rejection criterion. 
The optimization procedure continues until one of the constraints is fulfilled, for example until a 
requested structure volume is achieved or there is no more material which has a stress level less 
than a certain percentage of the maximum stress.  
The evolutionary structural optimization can be summarized in the following procedure 58: 
1 – Discretize the domain in a mesh of fine elements; 
2 – Perform finite element analysis to the domain; 
3 – Eliminate the elements which satisfy the condition of the rejection criterion (equation (2.16)); 
4 – Update the rejection criterion using the evolutionary rate ሺܧܴሻ; 
5 – Repeat the steps 2 to 4 until an optimal structure is found or one of the constraints has been 
met. 
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2.3 Computational	fluid	dynamics	
2.3.1 CFD History and concept 
Computational fluid dynamics (CFD) is a branch of fluid mechanics that uses numerical 
algorithms and analysis to solve and analyze the behavior of fluid flows and the effects of fluid 
motion computationally. Therefore, CFD integrates three important disciplines: mathematics, 
fluid mechanics and computer science (See Figure 2.3). Computational fluid dynamics has 
become a widely used method to solve fluid-dynamic problems in addition to experimental and 
theoretical analytical methods 59. 
 
 
Figure 2.3 – Three important disciplines applied in Computational fluid dynamics. 
 
An advantage of this numerical method is that it allows the study and better understanding of fluid 
dynamics phenomena, which are not possible to analyze through experiments. 
CFD makes use of a fundamental set of partial differential equations which are based on three 
principles: conservation of momentum, conservation of mass and conservation of energy for a 
fluid. In many software programs these mathematical governing equations have been converted 
by computer scientists using high-level computer programming languages into computer 
programs or software packages.  
The amount of computational fluid dynamics (CFD) application areas have been expanded in the 
past decades. Computational fluid dynamics has been developed in the early 1970’s. The 
evolution of computer technology triggered the interest into simulating fluid flows and 
consequently, the development of CFD. However, only in the 1980’s the solution of two-
dimensional (2-D) and later three-dimensional (3-D) Euler equations was possible. With the 
development of supercomputers in the mid-80’s, it became possible to run more demanding 
simulations such as viscous fluids governed by the Navier-Stokes equations. 
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The number of computational fluid dynamics application areas has been expanded tremendously 
in the past decades. Nowadays, computational fluid dynamics is applied both in industry and in 
academia research. Furthermore, CFD modelling has been used in a broader range of applications, 
besides astronautics and aeronautics, such as process, chemical, civil and environmental 
engineering. 
In fact, the development of new and improved systems computationally and the computational 
optimization of existing equipment became very interesting since it resulted in enhanced 
efficiency and consequently costs reduction. 
 
2.3.2 CFD applied to chemical reactor design 
CFD has been successfully used as computational tool on numerous areas of application such as 
automotive, aerospace and wind power industry. More recently there has been an increasing 
interest into using CFD within a broader range of applications such as process or equipment 
development, medical studies, power generation, civil and environmental engineering and sports. 
In this relation, the modelling of fluids encounters several adversities for the definition of the flow 
such as multi-phasic fluids, phase changes, the kinetics of chemical and biological conversion and 
thermodynamic properties60. The understanding of the fluid dynamics of multi-phasic systems for 
reaction and separation has not been fully developed. The lack of information is caused by the 
numerous interacting phenomena which determine the system behavior. Although the modelling 
of equipment for process engineering is common, accurate models are essential to understand in 
detail the fundamental phenomena.  
In the past, engineers have investigated these phenomena through experimental work in order to 
quantify the fluid dynamics inside reactors.  However, experiments at laboratory and pilot scale of 
reactors can be a time-consuming and expensive process. Moreover, many phenomena can be 
difficult to quantify experimentally. Therefore, CFD is a powerful tool that can be applied to 
process engineering for improving the design and operation of equipment in chemical and 
manufacturing processes. 
A suitable implementation of CFD in processing engineering could be its application in scale up 
of equipment. Without the ability of simulating systems, a company has to build many prototypes 
to find the systems which keep the same conditions across scales 61. The high costs associated to 
experimental development can be avoided by simulating the systems using CFD. Through CFD 
simulations it would be possible to determine the best conditions of operation before building the 
first prototype. 
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2.3.3 Advantages and limitations of CFD 
The theoretical studies of fluid dynamics involve the approximation and simplification of the 
governing equations. CFD is a method which can help to study specific terms in these equations 
in more detail and therefore, it allows new paths for theoretical development and understanding.  
In addition, CFD software solutions have been confirmed as useful tools for development of new 
equipment, since they reduce the time and cost involved with generating new designs when 
compared with a purely experimental approach59. CFD has also the advantage of being applied to 
any scale while experimental work is in general performed in bench or pilot plant scale. 
Moreover, the computational approach allows the collection of information at all points of the 
simulated structures while experimental approaches allow frequently only point measurements 59. 
Furthermore, CFD enables the user to simulate flow conditions which are not feasible to 
investigate through experimental investigations such as nuclear reactor accidents or catastrophe 
scenarios. In nuclear accidents prevention, CFD simulations have been used in reactor safety for 
evaluating safety issues such as containment behavior under normal and abnormal operating 
conditions, and during accident situations62.  Regarding catastrophe scenarios, CFD has been used 
in urban fire situations to investigate the performance of the fire extinguishing equipment 63 and in 
simulation of natural catastrophes by modelling a city for identifying the response of a structure to 
the disaster. 
Nonetheless, the increasing application of CFD does not suggest thus far that it will substitute 
experimental testing when used for gathering information for design purposes. Although CFD is a 
useful tool which can help the user to understand and develop systems, it also has its limitations. 
A CFD user must be fully aware of the fundamental limitations.  
In terms of solving the problem, CFD is subject to truncation errors and non-convergence. 
Moreover, CFD is based on the knowledge of physics and in certain aspects it is limited due to 
lack of knowledge. The areas with lack of knowledge are turbulent flow, multi-phase flows, 
boiling/condensation phenomena, chemistry and nanoscale physics 64,65. 
The confidence in predictions is another limitation of CFD. CFD solutions are based on 
theoretical models which might still have severe deficiencies. Therefore, the prediction with such 
models might be questionable and differ from experimental results. In fact, the visualization of 
numerical solutions using vector plots, contour plots or animated videos of steady state or 
transient flows may be a useful way to analyze the obtained data. However, there is the risk that 
an erroneous solution looks good but in fact does not correspond to the expected flow behavior. 
Therefore, the results from a CFD solution should be properly analyzed and validated and the 
CFD users need to make a critical judgment of the computed results 65. 
Finally, in some cases CFD is limited to simple applications due to the great amount of computer 
power (and time) required to run the multiple iterations that the technique requires. Although, 
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many companies are setting up parallel processing units, in which the CFD simulation is 
partitioned and run on several computers simultaneously, this limitation has not been overcome.  
2.3.4 Setup of a computational fluid dynamic (CFD) simulation 
The setup of a CFD simulation consists of the following steps: design the geometry, mesh 
generation, setup of all physical and boundary conditions and models for the system, simulation 
solution and post-processing of the simulation. The different steps for setting a CFD simulation 
are described in detail in Table 2.1.  
 
Table 2.1– Detailed description of a CFD simulation procedure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3.5 Governing equations 
The numerical method in CFD uses algorithms for solving the governing equations of fluid 
dynamics. The governing equations of fluid dynamics are represented by the mathematical 
expressions of the conservation laws of physics66:  
 Law of conservation of momentum – the rate of change of momentum corresponds to the 
sum of all the forces applied to the fluid element, they can be body forces and surface 
forces   
 Law of conservation of mass – the rate of change of mass is equal to the sum of the rate 
of mass transfer and production and consumption of mass by reaction  
Procedure Description 
Step 1 - Design  the 
geometry 
Design the geometry of the body of the flow problem that is 
analyzed. 
Step 2 - Mesh 
generation 
Discretization of the geometry into finite elements. Essentially, 
it divides the domain into many finite elements which will be 
used then to approximate the partial differential equations. 
The mesh can be structured in which all the elements are 
quadrilateral in 2D and hexahedral in 3D, or it can be 
established as an unstructured mesh in which the elements are 
triangles in 2D or tetrahedral in 3D. 
Step 3 - Setup of all 
conditions and 
models for the system 
Setup of boundary and initial conditions, fluid and turbulence 
models, chemical reaction model and definition of steady state 
or transient analysis. 
Step 4 – Simulation 
solution 
A solution is obtained by iterative convergence. Iterative 
convergence indicates that as discrete equations are repeated, 
then the simulation results approach a constant value. 
Step 5 - Post-
processing 
Post-processing is extracting and visualizing the desired flow 
properties. 
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 Law of energy conservation – the rate of change of energy is equal to the sum of the rate 
of heat transfer and the rate of work done on a fluidic system  
A hexahedral fluid element is presented in Figure 2.4 to which the conservation of mass is applied 
as an example.  
 
 
 
Variations of mass, momentum and energy of the fluid across its boundaries lead to the 
phenomena represented mathematically by the governing equations. All fluid properties are 
function of space and time and the density, pressure, temperature and velocity vectors are written 
as ݌ሺݔ, ݕ, ݖ, ݐሻ, ߩሺݔ, ݕ, ݖ, ݐሻ, ܶሺݔ, ݕ, ݖ, ݐሻ and ݒሺݔ, ݕ, ݖ, ݐ), respectively. 
2.3.5.1 Momentum conservation equation 
Newton’s second law of motion corresponds to the momentum conservation principle and is the 
basis for the dynamics of fluid motion. Newton’s second law of motion states that the rate of 
change of momentum equals the total sum of forces applied to a fluid element. There are two 
types of forces which act on a fluid element: surface forces which include pressure, viscous, shear 
and normal forces and body forces which include gravitational, centrifugal and electromagnetic 
forces. 
 The rate of increase of momentum per unit of volume of a fluid particle in the three coordinate 
directions ሺݔ, ݕ, ݖሻ is given by:  
 
  ߲
߲ݐ ߩݒ௫,
߲
߲ݐ ߩݒ௬,
߲
߲ݐ ߩݒ௭  (2.18) 
 
The x-component of the momentum equation is given by setting the rate of change of x-
momentum of the fluid element equal to the total force in the x-direction on the element due to 
ߩݒ௭ 
z
y
x
ߩݒ௬  ߩݒ௬ ൅
߲ߩݒ௬
߲ݕ ݀ݕ 
ߩݒ௭ ൅ ߲ߩݒ௭߲ݖ ݀ݖ 
ܸ݀ ൌ ݀ݔ݀ݕ݀ݖ 
Figure 2.4-– Representation of a hexahedral fluid element and the mass flux through its surfaces. 
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surface forces and due to external sources. The momentum equation for the direction x is given 
by: 
 
 
  ߲
߲ݐ ߩݒ௫ ൌ െ൬
߲
߲ݔ Φ௫௫ ൅
߲
߲ݔΦ௬௫ ൅
߲
߲ݔΦ௭௫൰ ൅ ܵெ௫  (2.19)
 
Where 
‐ Φ௫௫ is the combined flux of ݔ-momentum across the surface perpendicular to the ݔ 
direction by molecular and convective mechanisms and is given by: 
  Φ௫௫ ൌ ߨ௫௫ ൅ ߩݒ௫ݒ௫ ൌ ݌ ൅ ߬௫௫ ൅ ߩݒ௫ݒ௫  (2.20)
 
‐ Φ௫௬ is the combined flux of ݕ-momentum across the surface perpendicular to the 
ݔ	direction by molecular and convective mechanisms and is given by: 
  Φ௫௬ ൌ ߨ௫௬ ൅ ߩݒ௫ݒ௬ ൌ ݌ ൅ ߬௫௬ ൅ ߩݒ௫ݒ௬ (2.21)
 
‐ Φ௫௭ is the combined flux of z-momentum across the surface perpendicular to the ݔ 
direction by molecular and convective mechanisms and is given by: 
 
  Φ௫௭ ൌ ߨ௫௭ ൅ ߩݒ௫ݒ௭ ൌ ݌ ൅ ߬௫௭ ൅ ߩݒ௫ݒ௭  (2.22)
 
The momentum equations for the ݕ	and ݖ directions are respectively: 
 
  ߲
߲ݐ ߩݒ௬ ൌ െ൬
߲
߲ݔ Φ௬௫ ൅
߲
߲ݔΦ௬௬ ൅
߲
߲ݔΦ௬௭൰ ൅ ܵெ௬  (2.23)
     
  ߲
߲ݐ ߩݒ௭ ൌ െ൬
߲
߲ݔ Φ௭௫ ൅
߲
߲ݔΦ௭௬ ൅
߲
߲ݔΦ௭௭൰ ൅ ܵெ௭ 
(2.24)
 
When each of the components ݔ, ݕ and ݖ are multiplied by the unit vector of their respective 
direction and the three components are added together vectorially, the momentum equation is in 
its general form 66: 
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(2.25) 
 
The momentum component by molecular transport is characterized by two components: pressure 
force and viscous forces. The pressure force is always perpendicular to the exposed surface of the 
considered direction,ݔ, ݕ or ݖ. The viscous forces are usually applied in an angle and are a 
function of three components, for example ࣎࢞ is given by ߬௫௫, ߬௫௬ and ߬௫௭. 
The convective momentum component corresponds to the contribution of momentum increase by 
the velocity of the bulk flow. The velocity of the fluid may vary in all three directions, ݔ, ݕ and ݖ. 
The convection components of the three directions are given by the following vector: ߩݒ௫࢜, ߩݒ௬࢜ 
and ߩݒ௫࢜. Each of these components has an ݔ-, ݕ- and ݖ-component. For instance for the ݔ 
direction the convection component is given by ߩݒ௫ݒ௫, ߩݒ௫ݒ௬ and ߩݒ௫ݒ௬. 
2.3.5.2 Mass conservation and continuity equation  
The mass conservation law is described by the continuity equation. The law of mass conservation 
states that the mass of control volume remains constant regardless any phenomena occurring 
inside the system. It also states that the mass is neither created nor destroyed in chemical 
reactions. This means that mass can be transformed into other forms. The general expression of 
the continuity equation can be written as follows 66: 
 
 
 
 
(2.26) 
 
The source S corresponds to the added mass to the continuous phase from a second phase or from 
a mass transformation by a reaction. 
2.3.5.3 Energy equation 
The energy equation states that the rate of change of energy inside a fluid element is equal to the 
rate of heat added to the fluid element and the work done on the fluid element. The energy 
equation can be written by 66: 
 
߲ߩ
߲ݐ 										ൌ െ׏ሺߩ. ݒԦሻ ൅ ܵ 
߲
߲ݐ ߩ࢜									 ൌ െሺસ ∙ ߩ࢜࢜ሻ 				 െ સ ∙ ݌ െ ሺસ ∙ ࣎ሻ ൅ ܵெ 
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momentum 
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addition by 
source
Rate of mass 
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(2.27)
 
The term ଵଶ ߩݒଶ corresponds to the kinetic energy associated to the motion of the fluid.  The 
internal energy of the fluid is given by ߩ ෡ܷ which is associated to the kinetic energy of the 
constituent molecules in motion with the velocity ࢜, plus the energy associated to the vibrational 
and rotational motions of the molecules. The term ଵଶ ߩݒଶ ൅ ߩ ෡ܷ corresponds to the convective heat 
transfer. The term સ ∙ ࢗ corresponds to the conductive heat transfer. The term െሺસ ∙ ݌࢜ሻ 
corresponds to the work done on the fluid by pressure forces. The term 	െሺસ ∙ ሾ࣎ ∙ ࢜ሿሻ corresponds 
to the work done on the fluid by viscous forces. The term ܹ concerns the work done on the fluid 
by external forces (e.g. gravitational forces). Finally, the ܵா term concerns the energy added to the 
fluid by chemical reactions. 
2.3.6 Numerical methods 
In the previous section, the relevant physical phenomena for the study of a fluidic system were 
described by governing equations. In this section numerical methods for solving these equations 
will be presented. 
The fundamental principle of a numerical method is the concept of discretization. In mathematics, 
discretization is a process of converting continuous functions and equations into discrete values.  
The analytical solution of a partial differential equation such as the governing equations presented 
in the previous section gives values of the equations as functions which are dependent on the 
variables ݔ, ݕ, ݖ and ݐ. The numerical solution provides values of the equations at a discrete 
number of points in the domain. These points are named grid points and can be nodes or centroid 
elements, depending on the discretization method. 
The discrete values of governing equations are described by algebraic equations relating the 
values at grid points to each other. The numerical methods focus on the derivation of the algebraic 
equations and on a method to find their solution. The determination of the values of discrete 
governing equations requires a definition of profile assumptions between the grid points.  
The conversion of the governing equation into discrete algebraic equations requires also the 
discretization of the domain. This discretization process corresponds to the division of the domain 
into discrete elements and to the association between the elements and discrete values of the 
߲
߲ݐ ൬
1
2 ߩݒ
ଶ ൅ ߩ ෡ܷ൰ 						ൌ െ ൬સ ∙ ൬12 ߩݒ
ଶ ൅ ߩ ෡ܷ൰ ࢜൰ െ ሺસ ∙ ࢗሻ									 
	െሺસ ∙ ݌࢜ሻ 										െ ሺસ ∙ ሾ࣎ ∙ ࢜ሿሻ 										൅ ܹ														 ൅ ܵா  
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governing equations. This process domain discretization is usually called meshing or gridding. 
The choices made in the process of domain discretization influence the accuracy of the numerical 
solution. 
Moreover, since the main goal is to obtain the solution given by the partial differential equations, 
the user must be critical when analyzing the results obtained via these methods. The number of 
discretization elements influences the approximation to the exact solution. A good numerical 
method will lean towards the exact solution as the number of the mesh elements increases. No 
matter which discretization method is employed, all good discretization methods should lean 
towards the same solution when the domain is discretized in a sufficiently large number of mesh 
elements. 
 
2.3.6.1 Mesh terminology and types of mesh 
The evaluated domain is discretized in elements by meshing or gridding it. The main unit of the 
mesh is the element. An element is surrounded by edges in two-dimensional domains and by 
edges and faces in three-dimensional domains. 
 
 
 
Figure 2.5 – Schematic representation of mesh elements and indication of their nodes, edges, faces and  centroids
 
The edges of elements are delimited by nodes and the central coordinates of the element 
corresponds to the element centroid (See Figure 2.5). 
In this project he software used for meshing is ICEM CFD® 14.5, which allows the meshing of 
the geometries via three possible methods: block-structured, unstructured and hybrid meshes.  
In structured meshes, every interior vertex in the domain is connected to the same number of 
neighbor vertices. In contrast, in unstructured meshes a vertex is connected to an arbitrary number 
of neighbor vertices. The unstructured meshes have the advantage of imposing fewer topological 
Element centroid 
Element node 
Edge 
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limitations which makes it easier to mesh very complex geometries. In block-structured meshes 
the mesh is divided in blocks and the mesh within each block is structured. 
Meshes may be built using a variety of element shapes, where the most widely used ones are 
quadrilateral (Figure 2.6 a)) and hexahedral (Figure 2.6 d)) which are commonly used in 
structured meshes for two and three dimensions, respectively. However, there is also the 
possibility to set up unstructured meshes with triangular (Figure 2.6 c)) or tetrahedral elements 
(Figure 2.6 b)), for two- and three-dimensional meshes, respectively.   
 
Structured meshes have been widely used, and the methods for generating them have existed for 
some time. Quadrilateral and hexahedral meshes are well-suited for flows with a dominant 
direction, such as boundary layer flows. However, in industry where the use of CFD has become 
more common, unstructured meshes have been extensively used due to their easy setup and 
consequently fast results. In contrast to the structured meshes, the unstructured meshes can be 
generated by automatic and general techniques, which means that the user does not need to spend 
extensive amounts of time working on the mesh. 
Another possibility for creating a mesh that has been used recently is the use of hybrid meshes. 
Hybrid meshes consist of tetrahedral and hexahedral elements. For instance the hexahedral 
elements are placed in the boundary layers and the tetrahedral elements are placed in the core of 
the flow67,68.  
The user should take the advantages and disadvantages associated to each type of mesh into 
account, when choosing the type of mesh. Unstructured meshes give the opportunity of easy 
implementation on complex geometries using automatic approaches and as a result require low 
user time and effort. Moreover, an unstructured mesh has the capability of adapting itself to the 
geometry. As disadvantage, the unstructured mesh requires high computational time and memory 
usage and might result in low accuracy especially for gradient problems. On the one hand, 
structured meshes present high accuracy especially for systems with high gradients, better 
convergence, and a lower number of elements for a given geometry which results in reduced 
computation time and memory usage. On the other hand, structured meshes have the disadvantage 
that they can be complicated to set up and take extensive amounts of time and effort to fabricate. 
 
 
Figure 2.6 – Types of possible elements for meshes: a) triangular, b) tetrahedral, c) quadrilateral and d) hexahedral. 
 
a) b) c) d) 
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Moreover, the set-up of structured meshes in complex structures might result in meshes with poor 
quality which consequently may not be usable for solving problems 67,68.  
The hybrid meshes are a fusion of both unstructured and structured meshes, and therefore, they 
also present a mixture of the advantages and disadvantages from these two types of meshes 67,68. 
A hybrid mesh has the advantage of improving the accuracy of unstructured meshes for problems 
with high gradients. This is very effective when it is applied to boundary layers that use structured 
mesh elements. Moreover, they might also be easier applied to complex geometries when 
compared to structured meshes. As disadvantages, the hybrid meshes might present long 
computational times which depends on the number of structured elements applied and requires 
user expertise in order to define the placement of structured elements in the geometry. A summary 
of the advantages and disadvantages of unstructured, structured and hybrid meshes can be found 
in Table 2.2. 
 
Table 2.2– Summary of advantages and disadvantages of unstructured, structured and hybrid meshes 67,68. 
Type of mesh Advantages Disadvantages 
Unstructured 
‐ Easy application to complex 
geometries 
‐ Adaptability of the mesh 
‐ Automatic generation, low 
investment of time and effort 
from the user 
 
‐ High computational time and 
memory usage 
‐ Low accuracy 
Structured 
‐ High accuracy 
‐ Low computational time and 
memory usage 
‐ Better convergence 
 
‐ Extensive time usage for 
creating the mesh 
‐ Complicated set-up for 
complex geometries 
 
Hybrid 
‐ Characteristics of structured 
meshes in boundary layers 
‐ Easy application to complex 
geometries 
‐ Results in memory and time 
savings 
 
‐ Long computational time 
‐ Require user expertise in 
order to define the placement 
of the different types of 
elements 
 
2.3.6.2 Node-based and element-based schemes 
Numerical methods can be divided into two categories with respect to the calculation basis: node-
based and element-based schemes. The node-based schemes store their primary unknowns at 
nodes or vertex locations and the element-based schemes at the element centroid. Finite element 
methods (FEM) are usually node-based schemes and finite volume methods (FVM) are usually 
based on element schemes 67. For structured meshes, the application of both schemes generates 
similar results due to the fact that a number of elements and nodes in structured meshes are 
usually approximately the same. For other types of elements there might exist discrepancies 
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between the application of the two schemes due to the big difference in the number of nodes and 
elements. This fact must be taken into account when results are evaluated and a mesh should 
provide an adequate resolution for a given problem. 
 
2.3.6.3 Discretization methods 
The discretization methods have been mentioned in this section but they have not been 
characterized in terms of solving problems. There are several discretization methods for solving 
the governing equations in CFD such as Finite Difference Method, Finite Element Method and 
Finite Volume Method. This section describes the Finite Element Method and the Finite Volume 
Method.  
 
2.3.6.4 Finite element method 
The finite element method (FEM) is widely applied in engineering and is known in this field as 
finite element analysis (FEA). The FEM formulation has continuously changed along the years 
and nowadays there are several variational formulations (mathematical analyses which maximize 
or minimize functions in vector space that are maps from a set of functions into real numbers). In 
this description of FEM the variational formulation of Galerkin will be considered. 
Considering the one-dimensional transport equation with constant diffusion coefficient and for a 
steady state system with no convection transport 67: 
 
  ܦ௙ ߲
ଶܥ
߲ݔଶ ൅ ܵ ൌ 0  (2.28)
 
where ܦ௙ is the diffusion coefficient,	ܥ is the concentration, ݔ is the direction and ܵ is the source. 
The one-dimensional mesh representation can be found in Figure 2.7 (adapted from 
Murthy(1999)67): 
 
 
Figure 2.7 – Representation of one-dimensional mesh for application of numerical method which follows the node-
based scheme. (adapted from Murthy(1999)67) 
 
Let us consider that ܥ̅ is an approximation to ܥ. Since ܥ̅ is only an approximation, it does not 
satisfy equation (2.28) and therefore there is a residual,	ܴ݁ݏ: 
 
∆ݔ ∆ݔ
1 2 3 
 32 
 
  ܦ௙ ߲
ଶ̅ܥ
߲ݔଶ ൅ ܵ ൌ ܴ݁ݏ 
 
(2.29) 
The goal of this method is to find a value of ܥ̅ such: 
 
  න ܹܴ
ௗ௢௠௔௜௡
݀ݔ ൌ 0  (2.30) 
 
where ܹ is a weight function. The method requires that the residual ݎ becomes zero in a weighted 
way. A set of weight functions ௜ܹ, ݅ ൌ 1,2…݊ is thus needed, where ݊ corresponds to the number 
of grid points. The weight functions ௜ܹ are non-zero over the respective element i. The ܥ̅ value 
varies between nodes; this variation is typically local and can for example be assumed as a linear 
profile between points. This variation of the ܥ̅ value is designated by the shape function. The 
Galerkin method requires that the weight function and the shape function are the same. 
Performing the integration of the equation (2.30) results in a set of algebraic equations in the 
nodal values of ܥ, which may be solved by a variety of methods. 
 
2.3.6.5 Finite volume method 
The finite volume method splits the domain in non-overlapping elements where conservation of ܥ 
is enforced in a discrete manner 67. The start of the discretization process may be done by 
integration of the differential equation and integration over the control volume. As an example of 
processing the discretization of a domain,  a one-dimensional diffusional transport equation with a 
source term is considered: 
 
  ߲
߲ݔ ൬ܦ௙
߲ܥ
߲ݔ൰ ൅ ܵ௖ ൌ 0  (2.31) 
Let us also consider the two-dimensional mesh with cells represented in Figure 2.8 (adapted from 
Murthy (1999)67): 
 
Figure 2.8 - Representation of a two-dimensional mesh for application of a numerical method which follows the 
element-based scheme (adapted from Murthy(1999) 67).
 
2  3 1  f1  f3 
ߜ௫యߜ௫భ
∆ݔ
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Let us take into consideration the discrete values of ܥ at the element centroids which are denoted 
by 1, 2 and 3. The element faces are denoted by f1 and f3. The integration of the equation (2.32) 
over the element 2 is given by: 
 
  න ݀݀ݔ
௙ଷ
௙ଵ
൬ܦ௙ ݀ܥ݀ݔ൰ ൅ න ܵ௖
௙ଷ
௙ଵ
݀ݔ ൌ 0  (2.32)
 
and results in 
 
  ൬ܦ௙ ݀ܥ݀ݔ൰௙ଷ െ ൬ܦ௙
݀ܥ
݀ݔ൰௙ଵ ൅ න ܵ௖
௙ଷ
௙ଵ
݀ݔ ൌ 0  (2.33)
 
Assuming that ܥ varies linearly between the element centroids, the equation (2.33) can be 
rewritten to the following form: 
 
  ቆܦ௙ ܥଷ െ ܥଶߜ௫య
ቇ െ ቆܦ௙ ܥଶ െ ܥଵߜ௫భ
ቇ ൅ ܵ௖ഥ ∆ݔ ൌ 0  (2.34)
 
where  ܵ̅ is an average value in the element 2. The equation is an approximation of the values of ܥ 
since it was assumed that ܥ varies linearly between the element centroids. 
The reformulation of the equation (2.34) results in an algebraic equation: 
 
  ቆܦ௙ߜ௫య
൅ ܦ௙ߜ௫భ
ቇ ܥଶ ൌ
ܦ௙
ߜ௫య
ܥଷ ൅
ܦ௙
ߜ௫భ
ܥଵ ൅ ܵ௖ഥ ∆ݔ ൌ 0  (2.35)
 
Similar equations to equation (2.35) are generated for all elements of the domain, creating a set of 
algebraic equations which can be solved using an iterative method. 
 
2.3.6.6 Solution methods for discrete equations 
All discretized methods result in discrete algebraic equations which need to be solved in order to 
obtain the discrete values. These discrete equations can be linear or non-linear equations. The 
solution methods are independent from the discretization and may be classified in direct or 
iterative methods. 
The direct methods use linear algebra methods to solve the set of discrete equations which can be 
given by: 
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  ۯܥ ൌ ࡮  (2.36) 
 
where ۯ is the coefficient matrix, ܥ ൌ ሾܥଵ, ܥଶ … ሿ் is a vector consisting of all the discrete values 
ܥ of all grid points and ۰ corresponds to the results of the source terms. One direct method is 
inversion: 
 
  ܥ ൌ ۯିଵ࡮  (2.37) 
 
A solution for ܥ is guaranteed if ۯିଵ can be found. The inversion method accounts only for 
symmetric matrices and it is not possible to be applied in all case studies.  
Direct methods are not widely applied in CFD problems due to their large computational and 
storage requirements. Nowadays, CFD problems involve hundreds of thousands or millions of 
elements with several unknown variables per element. Therefore, the matrix ۯ would be very 
large and solving these large problems by direct methods becomes unfeasible. 
In contrast, the iterative methods are the most commonly used methods for solving CFD 
problems. These methods start by guessing a value for all discrete values on the grid, and this is 
followed by generating a sequence of solutions which reduces the residual value, and 
consequently converges to the exact solution.  
 
2.3.7 Remarks on ANSYS CFX® 
In this project, the ANSYS CFX® 14.5 software is used to simulate and study flow coupled with 
mass transfer in the defined domain. ANSYS CFX® is a general purpose fluid dynamics 
commercial software for modelling fluid flow, heat and mass transfer in complex geometries. 
The setup of a simulation using ANSYS CFX® is divided in 5 phases: design of the geometry 
(ICEM CFD®), establishment of mesh (ICEM CFD®), definition of problem and flow properties 
setup (ANSYS CFX-Pre®), solution of the problem (ANSYS CFX-Solver®) and evaluation of 
results by post-processing (ANSYS CFX-Post®). 
The geometry design and meshing procedures can be set up using the software ICEM CFD®. The 
geometry is created by defining fixed points and lines, followed by connecting the lines to form 
surfaces and thereby forming the volume of the physical fluid flow domain. One should note that 
there are several other softwares available, which can be used for designing the geometry and 
some even for meshing such as AutoCAD® and Design Modeler®. Once the domain has been 
defined and finalized, its volume is discretized in subelements which form a meshed grid. ICEM 
CFD® has the possibility to set up three kinds of meshes: hexahedral elements, tetrahedral 
elements and hybrid meshes.  
 35 
 
ANSYS CFX-Pre® is the interfacing software in which the user can define the fluidic properties 
of the discretized domain generated in ICEM CFD®. The fluidic properties include the type of 
fluid, diffusion coefficients of the compounds, the concentration of the compounds in the different 
parts of the domain (e.g. inlet, outlet, surfaces). In this software module it is also possible to 
define the regime of the flow: turbulence or laminar. In this project, microsystems were studied 
and their hydraulic diameters are in the range of micrometers, and therefore the flow is 
characterized by the laminar regime. As a consequence turbulence models will not be discussed in 
this thesis.  
In terms of reaction systems, a reaction can be defined in this interface by establishing it as a 
source of mass. It is therefore necessary to define the rates of consumption and production of 
substrates/reagents and products, respectively.  
The solver procedure, the convergence criteria (type and value of the residuals), and the 
conservation target which specifies the fractional imbalance are also defined in ANSYS CFX-
Pre®. 
The ANSYS CFX® software supports hexahedral, tetrahedral and hybrid element meshes 69. This 
software uses a unique discretization method, namely the element based finite volume method 69. 
The discrete algebraic equations determined by the discretization method are solved using an 
iterative solver named Multigrid Solver 69. The convergence criteria can be defined using the 
residual values such as the maximum normalized value of the residuals or the root mean square 
(RMS) of the residuals. 
 
Table 2.3 – Summary of the steps for setting up and running a simulation in ANSYS CFX, and the respective software 
modules used for establishing the simulation in this thesis. 
 
Procedure Software 
Step 1 - Design  the geometry ICEM CFD® 
Step 2  - Mesh generation ICEM CFD® 
Step 3 - Setup of all conditions 
and models for the system 
ANSYS CFX-Pre® 
Step 4 - Perform the 
simulation 
ANSYS CFX-Solver® 
Step 5 – Post-processing ANSYS CFX-Post® 
 
The solution of a simulation problem is analysed by using ANSYS CFX-Post. This software 
allows the user to analyse and quantify aspects of the analysed flow. Table 2.3 summarizes the 
steps for setting and running a simulation in ANSYS CFX® and the respective software modules 
used for establishing the simulation. 
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ANSYS CFX® is a commercial computational fluid dynamic program, which differs from other 
CFD software solutions by being a “black box” software. The expression “black box” refers to a 
software, which allow to set up and solve mathematical problems but the user is not able to access 
the governing equations, the modelling methods, the numerical methods or the solving methods. 
The fact that it is not possible to access the models and the presence of a well-defined user 
interface makes the automated manipulation of the simulation set-ups also difficult.  
Although ANSYS CFX® is a “black box” software, it has a feature which allows batch 
manipulation of the set-up of simulations such as geometries, mesh configurations, fluidic 
properties and post-processing features. This software has a feature that enables the recording of 
the user steps for configuring a setup in a script file, in which code is written simultaneously when 
the user chooses a simulation operation e.g. flow regime, speed flow, concentration at the inlet. 
Afterwards, this script file is used to create the files used to run the simulation. One advantage of 
these script files is that the user does not need to learn how to program in CFX Command 
Language (CCL), the language used for programming the ANSYS CFX® user interfaces.  
The user then has the possibility to manipulate the script files via MATLAB® or other programs, 
by converting these files into arrays, modifying the desired cells and converting the file again into 
a script file which can be read by ANSYS CFX® in batch mode. MATLAB® also gives the user 
the opportunity to execute the ANSYS CFX® in batch mode from MATLAB® by setting the 
executing commands. In this way, the user does not need to open the ANSYS CFX user interface 
in order to manipulate the files or to execute them.  
The interface between MATLAB® and ANSYS CFX® also allows running cycles of simulations 
such as optimization problems. The simulation problems can be performed by setting the 
optimization cycle in MATLAB® and the system is then evaluated using computational fluid 
dynamics. 
   
 37 
 
2.4 Microtechnology	applied	to	process	intensification	
This project aims at applying topology optimization procedures to microbioreactors in order to 
find the best configuration computationally before testing it in the laboratory. Therefore, this 
section aims to give an introduction to the use of microtechnology in process intensification. 
Microtechnology has been an area of great focus as a tool for studying and developing reaction 
systems. This technology has been characterized by innovative reactor designs since operation at 
the microscale presents considerable advantages compared with bench scale reactors commonly 
used for early stage process development. These advantages are efficient mixing which results in 
high mass and heat transfer, shorter reaction time, and small substrate quantities required per 
experiment. Moreover, microsystems allow easy regulation of reaction conditions such as 
temperature and flow rate and offer the possibility of adjusting these parameters in a simple and 
quick manner.   
A microsystem is miniaturized system (e.g. channel or chamber) characterized by hydraulic 
diameters smaller than 1 mm. A microreactor is a microsystem in which chemical reactions take 
place. 
Microsystems can be fabricated either as silicon and glass chips or as polymer chips. Lately, 
polymers have been more often chosen over silicon and glass chips due to their low material cost 
and fabrication cost, degradability and biocompatibility. The fabrication procedures for polymeric 
microsystems include hot embossing, injection molding, laser ablation and surface 
micromachining, just to name a few. 
Process intensification is defined as the improvement of unit operations in order to reduce 
production costs by reducing energy consumption, ratio of equipment size to production capacity 
and production of waste 70.  
The reduction of chemical reactor volumes and plants may induce the reduction of manufacturing 
costs and make the process more efficient. This approach for process intensification has been 
introduced in the 1980s by Colin Ramshaw 71,72. Nowadays, there is no general method for 
achieving process intensification available. In this section, the characteristic time analysis for a 
unit operation will be presented. However, other strategies are available in the scientific literature 
such as: kinetic effects analysis 73, thermodynamics effects study 73, safety and hygiene effects 
strategy 74 and saturation effects analysis 75. The reader can find more information regarding these 
strategies in the literature referred above. 
The application of microsystems in process intensification has shown to be an innovative 
approach for reactor design in chemical engineering.  
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2.4.1 Characteristic time analysis for a unit operation 
 
The application of microsystems as tools for process intensification requires the identification of 
parameters as analysis of characteristic times of physical and chemical processes 76. 
By performing an analysis of the various phenomena involved in a system and comparing the 
individual phenomena with the global behaviour of the system, the limiting phenomenon will be 
identified. Further analysis of this phenomenon will allow the development of strategies for 
intensification of the process. 
The evaluation of the characteristic time needs to take into account the purpose of the considered 
unit operation: heat transfer in heat exchangers, mass transfer in a mixing or separation units, 
reaction time in reactors.  
Taking into account the unit operations stated above, characteristic times can be divided in three 
categories: the time of heat exchange, diffusion time or a characteristic of the reaction time. In 
this section, an overview of the characteristic times for reaction and mass transfer mechanisms 
will be presented. The heat exchange time will be excluded since it is not part of the scope of this 
thesis, because the case studies considered only include isothermal reactors and isothermal 
reaction mechanisms.       
The scientific literature introduces characteristic time analysis as a relation between the 
characteristic times and their relations with the characteristic dimension of the unit operation 
ሺܴሻ76,77. 
For homogeneous reactions the characteristic time depends only on the kinetic limitations and for 
heterogeneous reactions the characteristic time can depend on the kinetic limitation or on the 
diffusion limitation. 
The characteristic times for homogeneous and heterogeneous reactions and for mass transfer are 
presented in Table 2.476. 
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Table 2.4– Characteristic times for heterogeneous and homogeneous reactions and dependence on the dimension ࡾ. 
Type of transfer Characteristic time Dependence of the 
dimension (R) 
General homogeneous 
reaction 
1
݇ ൉ ܥ଴௡ିଵ 1 
General heterogeneous 
reaction 
ܥ
ݎ  Varying 
First-order homogeneous 
reaction 
1
݇௩ 1 
Apparent first-order 
heterogeneous reaction 
ܴ
2 ݇௦ ܴ 
Diffusional mass transfer 
ܴଶ
ܦ௙  ܴ
ଶ 
Convective mass transfer 
ܴଶ
ܦ௙ ݄ܵ ܴ
ଶ 
 
The characteristic times for mass transfer phenomena are described by considering mass transfer 
analogies. The expression related to mass transfer describes the transfer of mass that diffuses in a 
specified medium. Thus, the characteristic time for mass transfer can be defined by: 
 
  ݐ௠௔௦௦ ௧௥௔௡௦௙௘௥ ൌ ܴ
ଶ
ܦ ݄ܵ  (2.38)
 
Where ܴ is the characteristic dimension, ܦ	is the diffusion coefficient and ݄ܵ is the Sherwood 
number. The Sherwood number corresponds to the ratio of mass transfer by diffusion processes 
and mass transfer by convective processes. The Sherwood number is insignificant in cases for 
which mass transfer is purely diffusional as shown in Table 2.4. 
Chemical reactions can be considered by using a very general expression of their characteristic 
times. The characteristic time relates the initial concentration of a reactant (ܥ଴) to rate of its 
consumption (ݎ଴) at the same initial conditions: 
 
  ݐ௥௘௔௖௧௜௢௡ ൌ ܥ଴ݎ଴   (2.39)
 
This general expression can be used for characterizing homogeneous reactions and some 
simplified cases of heterogeneous reactions, such as the apparent first-order heterogeneous 
reaction (See Table 2.4). However, many reactions present very complex kinetics which prevent 
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from using simplified equations and require numerical estimations for the characteristic times. For 
instance, heterogeneous, biological and enzymatic reactions can involve complex kinetics.  
Moreover, the heterogeneous apparent reactions kinetic may vary as function of the operating 
conditions or reaction conversion. For example, the Langmuir-Hinshelwood kinetics has apparent 
first order kinetics under low partial pressures and apparent zero-order kinetics under high partial 
pressures. In fact, biological and enzymatic reactions may also present similar dependencies.  
Another difficulty for determining the characteristic time is related to the knowledge about the 
intrinsic reaction mechanism. The choice of the used reaction kinetics for determination of the 
characteristic time must be made very carefully. The confusion between the intrinsic kinetics and 
apparent kinetics might have severe consequences on the analysis of intensification potentials. 
Intrinsic kinetics represents the reaction kinetics observed in the absence of mass transfer 
limitations of the reacting species. The apparent kinetics reflects the kinetics camouflaged by the 
heterogeneous nature of the system (e.g. including effects of substrate mass transfer limitations).    
In microreactors, to eliminate mass transfer limitations, the characteristic transfer time should be 
one order of magnitude lower when compared with the characteristic reaction time. 
A chemical reactor is also designed and dimensioned in order to obtain a desired yield and 
conversion of a determined raw material. The yield of a reaction is defined by the following 
equation: 
 
  %ݕ݈݅݁݀ ൌ ݉݋݈݁ݏ	݋݂	݀݁ݏ݅ݎ݁݀ ܲݎ݋݀ݑܿݐ ݂݋ݎ݉݁݀݅݊݅ݐ݈݅ܽ	݉݋݈݁ݏ ݋݂ ݈݅݉݅ݐ݅݊݃ ݏݑܾݏݐݎܽݐ݁ ൈ 100  (2.40) 
 
The limiting substrate is the substrate which limits the rate of product formation. This relation 
correlates to the selectivity of the reaction since the reaction yield is only related to the amount of 
desired product formed. 
The conversion corresponds to the amount of substrate converted: 
 
  %ܿ݋݊ݒ݁ݎݏ݅݋݊ ൌ ݉݋݈݁ݏ	݋݂	ݏݑܾݏݐݎܽݐ݁௙௜௡௔௟ െ ݉݋݈݁ݏ ݋݂ ݏݑܾݏݐݎܽݐ ௜݁௡௜௧௜௔௟݉݋݈݁ݏ ݋݂ ݏݑܾݏݐݎܽݐ ௜݁௡௜௧௜௔௟ ൈ 100  (2.41) 
 
The intensification of a unit operation is based on the relation between the reference time and the 
characteristic time. The reference time must be carefully chosen as a function of the unit 
operation. The reference time can also be denoted flow time, convection time or residence time, 
also known as fluid space time. The ratio of characteristic times represents the number of 
operation units (NOU) also known as number of transfer units (NTU) in heat transfer processes 
and the Damköhler number in a reactor. NOU is given by: 
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  ܱܷܰ ൌ ߬ݐ௢௣  (2.42)
where ߬ denoted the reference time and ݐ௢௣ denotes the characteristic times. 
An interesting study about using microsystems for process intensification using the characteristic 
times has been presented by Commenge and his co-workers77. They have presented an 
investigation which shows that the reduction of the characteristic dimensions of the channels 
allows the overall process intensification. The compared systems were a macro-channel and a 
system of micro-channels.  
The miniaturization of systems becomes particularly interesting in cases of mass and heat transfer 
limitations. They concluded that intensification for scale-up is not possible for cases in which the 
characteristic time is independent of the characteristic dimension of the system such as the 
characteristic time for a homogeneous reaction (See Table 2.4).  
The miniaturization of the macroscale system also revealed that simply reducing the characteristic 
dimension such as the radius would imply an increase of the pressure drop. Therefore, this 
challenge was overcome by increasing the number of channels. In this way, they have also 
investigated the miniaturization of the system by maintaining the pressure drop constant and 
evaluating the improvement with reduction of the radius and increasing the number of channels 77. 
 
2.4.2 Mixing in microsystems 
The general mixing mechanism is characterized by two principles, diffusion and convection. 
Diffusion is characterized by the migration of molecules from a region of high concentration to a 
region of low concentration. Convective mixing is characterized by the vertical transport of the 
fluid and its properties.  
In microfluidics the flow is characterized by laminar flow, and the mixing in a simple straight 
microchannel is achieved by diffusional mass transfer. 
Mixing by diffusion in a microsystem is an important principle to consider due to the small 
dimensions of the channels. The reduced dimensions of microsystems result in short distances for 
transfer phenomena (mass and heat) 78,79.  
The short distances for transport phenomena also result in a fast and effective mass and heat 
transfer. The diffusive mass transfer with mean transport length can be expressed by the Einstein-
Smoluchowski equation 80: 
  ݔ ൌ ට2ܦ௙ݐ  (2.43)
 
which gives the relation between the distance (ݔ) that a molecule with diffusion coefficient (ܦ௙) 
travels during time (ݐ). 
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The diffusion coefficient of solutes in gases is typically in the range of 10-5-10-6 m2 s-1 81 and in 
liquids with low viscosity the solutes present diffusion coefficients between 10-9 and 10-10 m2 s-1 
81,82. From the analysis of the equation (2.43) and Figure 2.9 it is possible to verify that for shorter 
diffusion lengths shorter times are required for the molecules to diffuse. Consequently, this results 
in better mixing and higher reaction yields in microreactors. However, the relation between the 
distances and the diffusional time is not linear, and for longer distances larger times are needed 
for the molecules to diffuse. As an example, the relation between the diffusion distance and the 
diffusion time of the species, whose diffusion coefficient is 10-9 m2·s-1, is represented in Figure 
2.9. The time for the species to diffuse 100 μm is 5 seconds and the time for it to diffuse 1000 μm 
is 500 s (around 8 minutes). So, the interval time for the species to diffuse 1000 μm is a 100 times 
larger than for a distance 10 times smaller.  Therefore, it is not advisable to work with large 
diameter microchannels. 
 
 
 
Figure 2.9 – Relation between diffusion length and time, considering a species diffusion coefficient of 10-9 m2·s2  
 
 
Despite of the above-mentioned advantages, the diffusion mixing on its own is a challenge, since 
the size of the microchannels has to decrease greatly in order to ensure full mixing and uniform 
concentration in the cross section of the channel. The decrease of channel dimensions implies a 
large increase on fabrication costs 83. Therefore, the introduction of convection mechanisms in 
microsystems demonstrated to be an important element for achieving enhanced mixing. 
Convective mixing is an effective mechanism for mixing since it enlarges the mixing interfaces 
between two fluids and reduces the diffusion distance 73.  
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In this respect, the designs of micromixers are relevant since they introduce mixing agents for 
promoting of uniform concentration profiles inside of a microsystem. Micromixers can be 
characterized in two categories: active mixers and passive mixers. In the past few years, several 
reviews have been written in this area in which the two types of mixers are revised in detail 73,84–
86. 
The mixing mechanism in passive mixers depends exclusively on the molecular diffusion or on 
the chaotic advection of the flow in the channel or chamber. This means that no external energy is 
used besides the driving forces of the flow. There are several types of passive mixers presented in 
the scientific literature. Nonetheless, in this thesis, the description of micromixers will focus 
particularly on passive mixing by lamination and chaotic advection due to the fact that these types 
of mixing are related to the shape of the channel. Therefore, these two types of passive mixing 
can be interesting for investigations of shape and topology optimization of microreactors.   
In contrast, the active mixing systems rely on external disturbances to achieve mixing between the 
system’s compounds. The source of these disturbances can be pressure 87,88, 
electrohydrodynamics, magnetic fields [90], [91], acoustics and thermal fields 91. The active 
mixing microsystems require complex fabrication methods due to the difficult application of 
external disturbance fields and active agents. Therefore, the fabrication and integration of active 
mixing systems becomes challenging and expensive 73. 
On the other hand, the passive mixers do not require the use of external power sources and their 
structures are simpler compared with the structure of active mixers. Moreover, the passive 
structures are robust and stable in operation and are easy to integrate into microsystems. 
In the macroscale, mixing is usually associated to dimensionless numbers such as the Reynolds 
number which represents the ratio between the momentum and viscous friction, and the Peclet 
number which gives the ratio between the mass transfer due to diffusion and convective mass 
transfer. The Reynolds number (Re) is given by the following equation: 
 
  ܴ݁ ൌ ߩݒܦ௛ߤ   (2.44)
 
where ߩ is the density of the fluid, ݒ corresponds to the velocity of the fluid, ܦ௛ corresponds to 
the hydraulic diameter and ߤ corresponds to the viscosity of the fluid. The Reynolds number 
characterizes also the regime of a fluid (laminar or turbulent). A turbulent regime (in tubes) is 
characterized by Re values above 2100. Since the dimensions of microsystems are very small, in 
general the Reynolds numbers in microsystems are expected to be in the range of laminar flow. 
The Peclet number is expressed by the following equation:  
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  ܲ݁ ൌ ܮݒܦ௙   (2.45) 
 
where ܮ is characteristic length, ݒ corresponds to the fluid velocity and ܦ௙ corresponds to the 
diffusion coefficient. Large Peclet numbers indicate that convective mass transfer is more 
significant. 
A relevant characteristic for evaluating homogeneities in a micromixer is the residence time 
distribution (RTD). This characteristic is highly important to consider since the parabolic velocity 
profile in laminar flow results in heterogeneities in the concentration profile and consequently 
into a wide residence time distribution. In passive micromixers, mixing can be enhanced by 
shortening the length of the diffusional path and increasing the surface between the two flows. 
Passive mixing systems by lamination are characterized by parallel and serial lamination mixers. 
In parallel lamination, the inlet flows are split in substreams, where this number of substreams can 
be infinite. The basic design corresponds to the mixing of two streams. The two most well-known 
designs of this type of mixers are T-shape and Y-shape mixers. 
The T- and the Y-shaped mixers have been commonly used and have been reported several times 
in the scientific literature (e.g.  Esmaeelpanah et al. (2005),  Kaminski and Uhlemann (2005), 
Andreussi et al. (2015) 92–94). These types of channels allow the study of microfluidic phenomena 
such as the butterfly effect 95, the scaling law 96 and other non-linear effects. 
Molecular diffusion is considered to be a slow process, and even in microsystems the mixing 
process by diffusion may take a long time. There are other solutions to reduce the mixing time, 
and several authors have presented splitting the inlet streams into multiple substreams 97,98, others 
introduced split-and-recombine micromixers 99,100 and others have presented mechanisms for 
inducing chaotic advection mixing. 
The splitting into multiple substreams of two fluids results in several narrow streams alternating 
between the inlet fluids. This type of mixing mechanism results in the reduction of the thickness 
of fluidic streams and in an increase of the interfaces between the two different fluids. This effect 
develops faster and more efficient laminar mixing.  
In microreactors, parallel lamination has been applied in order to achieve better mixing and 
consequently, better reaction yield. However, the splitting into multiple substreams in 
microreactors might not result in an improvement of the reaction yield comparable to the increase 
in the number of interfaces between substreams. In fact, Bodla et al.101 have presented a 
comparison between two microreactors with mixing included for synthesis of (S)-1-
phenylethylamine and acetone from acetophenone and isopropylamine catalysed by ω-
transaminase. The first microreactor resembles a YY-microreactor in which the inlet was divided 
in two  
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Figure 2.10 – Reactor configurations: a) YY-microreactor and b) 8-stream microreactor, top view (up) and side view 
(down) (adapted from Bodla et al. (2013)101)  
 
streams, one which carries the biocatalyst (enzyme) and the other one which carries the substrates 
(reagents) (Figure 2.10 a)). In the second reactor (8-stream microreactor), the two inlet streams 
were divided in four substreams each, generating seven interfaces between the enzyme streams 
and the substrate streams (Figure 2.10 b)) By analysing the results, it was possible to verify that 
the reaction yield in the 8-stream microreactor only increased by about 30% in relation to YY-
microreactor. From these results it was possible to verify that in this particular case splitting of the 
inlet stream into multiple streams does not result in a yield improvement equal to the increase in 
the number of interfaces. 
Aoki and his co-workers102 have presented an extensive study on the effects of lamination width 
and reaction rate constant on the yield of the desired product.  
The study was performed using two-dimensional computational fluid dynamics simulations of a 
microreactor. The total width of the microreactor channel was 200 μm and the length 1 cm. One 
of the reaction systems studied is a system of two reactions, a main reaction for formation of the 
desired product and a side reaction which depletes the product. The reaction system is given by 
the following reaction equation: 
  ܣ	 ൅ 	ܤ → ܴ  ݎଵ ൌ ݇ଵܥ஺ܥ஻  (2.46)ܤ	 ൅ 	ܴ → ܵ  ݎଶ ൌ ݇ଶܥ஻ܥோ  
where R is the desired product, S and T are the co-products; ݎ௜ and ݇௜ are the reaction rate and the 
rate constant of the ith step, respectively and ܥ௝ is the molar concentration of species ݆. 
a) 
b) 
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For this study, the authors considered three microreactor inlet configurations: well-mixed feed, 2 
streams (lamination width of streams, W, is 100 μm) and 8 streams (lamination width of streams, 
W, is 25 μm). Figure 2.11 shows the lamination reactor configurations. Reactants A and B flow 
into the reactor in two parallel laminar flows, and then both species diffuse and react. The 
diffusion coefficient of both reactants was 10-9 m-2·s-1. 
 
Figure 2.11 – Schematic representation of reactor inlet configurations (adapted from Aoki et al. (2004)102). 
.  
The microreactor performances were evaluated considering a low reaction rate (݇ ൌ ݇ଵ ൌ ݇ଶ ൌ
0.01	݉ଷ ∙ ݇݉݋݈ିଵ ∙ ݏିଵ	ሻ and two fast reaction rates (݇ ൌ 1	݉ଷ ∙ ݇݉݋݈ିଵ ∙ ݏିଵ and ݇ ൌ 100	݉ଷ ∙
݇݉݋݈ିଵ ∙ ݏିଵ). The reactants A and B were fed stoichiometrically according to the overall 
reaction ܣ	 ൅ 	2ܤ → ܵ. 
The dimensionless number for ݊th order reactions, ߶݅	 ൌ 	 ௞೔	஼ಳబ೙షభௐమ஽ , represents the ratio between 
the reaction rate and the diffusion rate. This number is a criterion to determine the rate controlling 
step. When ߶݅ ൏ 1 the reaction is the controlling step, when ߶݅ ൐ 10ସ the diffusion is the rate 
controlling step. 
The results of this investigation were plotted as a relation between the yield of R and conversion 
of A and   are presented in Figure 2.12:  
 
Figure 2.12 – Relation between the yield of R and conversion of A with different rate constants and lamination widths. 
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The results demonstrated that for a low reaction rate, the lamination width of 100 μm is narrow 
enough to achieve almost the same yield as would be the case for a well-mixed feed. The increase 
of the number of laminated streams did not improve product R yield significantly since the 
reaction is the rate controlling step in this case. 
For greater rate constants, the diffusion of the reactants affects the reaction yield. In these cases, 
the microreactor performance is conditioned by mass transfer limitations. The yields of the 
desired product R at the same conversion of substrate A decrease with the increase of the 
lamination width and with the rate constants. Therefore, for faster reactions, a narrower 
lamination width is needed in order to improve product yield. The narrowing of the lamination 
width resulted in much larger yield improvements (up to 67%) when compared with the 
improvement achieved by narrowing lamination width for low reaction rate. From this study it is 
possible to verify that the improvement of the yield due to parallel lamination is dependent on the 
rate controlling step. 
Chaotic advection is characterized by the folding and the expansion of the fluids and 
consequently, by expanding the fluid interfaces exponentially 73. Passive chaotic mixing inducers 
are three dimensional structures which are part of the microchannels. These microstructures 
generate transverse flows and recirculation patterns which induce the growth of interfaces. 
Several designs for chaotic advection structures in two dimensions can be found in the scientific 
literature. These structures can be characterized by narrowing and expanding the channel, 
modifying the straight channel into a zig-zag or meander shaped channel 103,104 (See Figure 2.13). 
Another possibility is modifying the channel so that it assumes deformations in three dimensions. 
The ascending and descending of fluid caused by the three dimensional twisted channel induces a 
more efficient mixing of the compounds. There are several types of shapes presented in the 
literature, C-shape 105, L-shape 106 and F-shape107 are some examples (See Figure 2.13). 
Lastly, a well-known mixing inducer is characterized by grooves on the channel wall. The most 
common shape of the grooves is the so-called herringbone structure which resembles the 
arrangement of the bones of a herring (See Figure 2.13). Usually, these grooves are introduced on 
the bottom wall of the channel but can also be introduced on the top wall. These mixing inducers 
are shown to have an impact even in slow velocity flows. These grooves modify the flow profile 
into a helix mass stream 108. In the scientific literature, the influence of the length, width and the 
depth of the herringbone staggered structures on the mixing has been reported as well 109. The 
shape of these structures has been optimized by some authors (e.g. Ansari (2007), Hossain et al. 
(2010) 110,111). The shape optimization of these structures will not be reviewed since the scope of 
thesis is the application of shape optimization to microchannel geometries. Other variations of the 
grooves can also be found in the literature such as slanted ribs, slanted grooves or a combination 
of different groove shapes on the channel wall 108.  
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2.5 Shape	and	topology	optimization	applied	to	microfluidic	
devices	
The application of topology and shape optimization to chemical engineering for modeling 
microreactors and microchannels has not been very often reported in scientific literature. Only 
few scientific groups have computationally investigated this application to microfluidic devices.  
In this section, a brief review about the application of topology and shape optimization to 
microdevices will be given. 
Hasebe and Tonomura performed studies on the influence of the shape of microchannels using 
Computational Fluid Dynamics 112–116. They have investigated CFD as an alternative to design 
microchannels, a design which nowadays relies on trial and error.  
In Tonomura and his co-workers112, the shape optimization of a manifold was investigated. A 
manifold in this field is considered to be a wide pipe or channel which leads into smaller tubes. 
They proposed an automatic shape optimization by using the “Golden section” search method as 
the optimization method. This technique is used for finding the minimum/maximum of unimodal 
functions (i.e. functions with only one minimum/maximum) by narrowing the range of values 
which is known for containing the maximum/minimum117. The shape to be optimized was a plate-
fin microdevice design in a two-dimensional plan. This microdevice has multi-microchannels, 
which are parallel to each other and have the same shape and size. The inlet and outlet are at 
opposite sides of the manifold and on opposite sides of the main channel (See Figure 2.14). The 
design variable corresponds to the length of the top borderline which defines the outlet manifold 
shape. 
 
 
Figure 2.14 - Initial configuration of the manifold to be optimized. ࡸ corresponds to the design variable, length of the 
top borderline (adapted from Tonomura et al. (2004)112). 
 
 The optimization problem is formulated by minimizing the outlet manifold area for which they 
have encountered areas of dead volumes. In this way it was possible to minimize the 
accumulation of the flow and improve the distribution of the flow over the smaller channels. The 
objective function is given by: 
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  Minimize  A ൅ܲ ൈ ∑ ቚிሺ௜ሻିிതிത ቚହ௜ୀଵ  
Subject to     11 ߤ݉ ൑ ܮ ൑ 1000 ߤ݉ 
(2.47) 
 
Where ݅ is the iteration number, ܣ is the area of the manifold, ܮ is the design variable, ܨ is the 
flow, ܲ is the weight factor. The second term of the objective function indicates the degree of 
flow maldistribution. 
The weight factor is determined by comparing several optimization results using different ܲ 
values so that the desired balance between the area of the manifold and the degree of the flow 
maldistribution is reached.  
In this optimization problem the optimal length varies between 410 μm and 609 μm. It was 
concluded that this shape optimization results in considerable and useful information on the 
design of microdevices to engineers. 
In another paper by the same authors (Tonomura et al. (2010)) 114 the shape optimization of a U-
microchannel and a branched microchannel was presented. The purpose of the optimization was 
to minimize the pressure drop in the system. The chosen method to solve the optimization 
problem was the adjoint method which has been explained in the beginning of this chapter under 
the section entitled: Shape optimization methods – gradient-based and gradient-free methods. 
This method was adopted since the gradient functions are calculated in a more efficient manner 
due to their independency of the design variables. 
The optimization procedure involves the following steps: 
Step 1: Generate the initial shape 
Step 2: Generate the computational mesh for the shape 
Step 3: Solve the flow equations for deriving the flow velocity and pressure 
Step 4: Solve the adjoint equations to obtain a set of Lagrange multipliers 
Step 5: Calculate the shape gradient functions 
Step 6: Obtain a new shape by moving each point according to the results of the optimization 
method 
Step 7: Repeat Step 2 until Step 7 until the change of the cost function is smaller than a defined 
parameter.    
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Figure 2.15 – Initial configuration of the U-microchannel (adapted from Tonomura et al. (2010) 114). 
 
In this investigation two case studies are presented: a U-microchannel and a branched 
microchannel for incompressible fluids. 
The initial shape of the U-channel was a geometry of 100 μm width (See Figure 2.15). In this case 
only the channel curve is optimized and is delimited by two boundaries, the internal wall and the 
external wall in relation to the curve. The design variables are associated with the grid points, 
which intersect both boundaries. In this case study two solutions were presented considering no 
volume or constant volume constraints, respectively. 
When considering no volume constraint, the width of the curve of the channel is larger and 
contributes to a reduced flow velocity. The shape has significantly changed and there is an 
expansion from the external wall (See Figure 2.16 (a-2)). On the other hand, when considering a 
volume constraint, both boundaries move towards the inner part of the U-curvature and there is 
not a drastic change of the curvature (See Figure 2.16 (a-3)). The pressure drops with shape 
optimization for no volume and constant volume constraints were reduced compared to the initial 
shape by 27.6% and 39.3%, respectively.  
 
 
 
Figure 2.16 – Pressure distribution for the initial configuration (a-1), final configuration for optimization with no-
volume constraint  (a-2) and final configuration for optimization with constant volume  (a-3) (adapted from Tonomura 
et al. (2010) 114). 
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Figure 2.17 – Initial shape branched channel (adapted from Tonomura et al. (2010) 114).  
 
The same optimization procedure was applied to the branched channel and the cost function in 
this case study was to minimize the pressure drop as well. The initial shape of the branched 
channel resembles a T junction (See Figure 2.17) and it was optimized considering two case 
studies: the inlet Reynolds number 1 and the inlet Reynolds number 100.  
The final configurations correspond to Y-branched channels with different angles for the case 
study Re=1 and the case study Re=100 (See Figure 2.18). The angle formed by the Y-channel is 
smoother and the fluid flows without collision with the wall. The pressure drop decreased by 
33.1% and 38.1% for Reynolds number values at the inlet equal to 1 and 100, respectively. 
 
 
Figure 2.18 – Initial shape (left) and final shapes at Re=1 (middle) and 100 (right) (Tonomura et al. (2010) 114). 
 
These authors have also published similar shape optimization procedures to T-shaped 
microreactors (Tonomura et al. (2009)) 115 and to non-isothermal T-shaped microreactors with 
engulfment flow (Wang et al. (2012)) 116. 
Topology optimization for designing microreactors has been introduced by Okkels and Bruus in 
2007118. The main purpose of this work was to study how to optimize the design of bio-reactors 
for immobilized biological cultures. They have used a simplified kinetic reaction model for cell 
growth and have considered that the reaction mechanism is represented by a first order isothermal 
reaction which only depends on the local nutrient concentration and on the cell density. The cells 
were considered to be immobilized on a porous material, assuming that the structure has constant 
porosity (ߛ) which defines the local fluid density inside the structure. The porosity corresponds to 
the design variable and varies continuously between the values 0 and 1 where ߛ ൌ 0 corresponds 
to solid material and ߛ ൌ 1 corresponds to pure liquid. The microreactor design was considered to 
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be a two-dimensional square chamber with porous structures.  From a first analysis of the 
problem, the solution seems to be quite simple: the cells should be densely distributed in order to 
maximize the metabolic reaction rate, and consequently the product formation. Nevertheless, a 
very dense cell distribution implies a reduction of the carrier porosity which slows down the 
pressure-driven feeding of the cells and subsequently, results in a low metabolic rate. Therefore, 
an optimization of the microreactor configuration is required in order to find the balance between 
the cell distribution and the metabolic rate and maximize the product formation. 
The continuity equation for the nutrient A is given by: 
 
  ሺܞሺߛሻ ∙ સሻܥ஺ ൌ ܦસଶܥ஺ െ ݇஺ሺ1 െ ߛሻܥ஺    (2.48)
 
where ࢜ is the velocity, ܥ஺ is the nutrient concentration, ܦ is the diffusion coefficient, ݇஺ is the 
first-order reaction constant. The reaction mechanism is given by ݎ஺ ൌ െ݇஺ሺ1 െ ߛሻܥ஺, where 
ሺ1 െ ߛሻ is the carrier porosity. 
The variation of ߛ characterizes the reactor configuration since it also affects the fluid flow. The 
effect of porous structures is assumed to increase the Darcy damping force given by: 
 
  ۴஽௔ ൌ െߙሺࢽሻܞ  (2.49)
 
where ߙ corresponds to the local inverse permeability. The Navier-Stokes equation, governing the 
fluid flow, becomes: 
  ߩሺܞ ∙ સሻܞ ൌ െસ݌ ൅ ߤ׏ଶܞ െ ߙሺࢽሻܞ 
સ ∙ ܞ ൌ 0  (2.50)
 
where ߤ and ߩ correspond to the viscosity and the density of the fluid buffer and ݌ the pressure. 
The inverse permeability is a function of the design variable ߛ and is defined by the following 
general form: 
 
  ߙሺࢽሻ ൌ ߙ௠௔௫݂ሺߛሻ  (2.51)
 
where ߙ௠௔௫ ൌ ఓ஽ೌ௅మ represents the inverse permeability inside the cell immobilizing-structures 
and ܦ௔ is the Darcy number. The function ݂ሺߛሻ in the limiting cases is ݂ሺ0ሻ ൌ 1 for which no 
broth is present due to maximal occupancy of the carrier and ݂ሺ1ሻ ൌ 0 for which only broth is 
present. 
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The aim of the topology optimization problem is to find the best particle porosity and the best 
configuration of the immobilization structures by optimizing the metabolic rate. The objective 
function ሺܬሻto minimize corresponds to the conversion of the nutrient A and is given by: 
 
  ܬ ൌ െ݇஺ሺ1 െ ߛሻܥ஺  (2.52) 
 
The design is characterized by an initial design where the whole domain-region is uniformly 
covered with a porous material. The microreactor shape corresponds to a square reaction chamber 
with an inlet and outlet positioned at the center of lateral walls. The walls of the squared reaction 
chamber were 6 mm wide and the inlet and the outlet width were 2 mm. 
The optimization procedure was an iterative method starting with an initial porosity value ሺߛ଴ሻ 
and in this specific case it was considered that the initial design corresponded to an empty reactor, 
where no metabolism occurs. The optimization procedure started by solving the reactor model and 
then, it calculated the value of the objective function.  Afterwards a sensitivity analysis was 
performed in order to achieve the values of the gradients డ௃డఊ. From this information, the Method of 
Moving Asymptotes (MMA) was used to obtain a new updated design variable ሺߛ௡ାଵሻ. The 
process continues until the algorithm has converged to an optimal design.   
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Figure 2.19 – Representation of the collection of optimized microreactors. The upper row (A) shows the distribution of 
the porous material in black together with a grey scale which indicates the flow speed. In row (B) the upper part of the 
figure shows the concentration profile of the substrate and the reaction profile 118.   
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Comparing the objective function of the empty design and the topologically optimized reactors 
shows a ten-fold improvement of reactant conversion. The topology optimized microreactor 
presents a cell immobilization structure that disperses small islands of carrier in the flow. Several 
configurations were studied according to changes in the reaction constant, pressure and Darcy 
number (See Figure 2.19). 
A similar case study was presented by Schäpper and his co-workers119. This case study was also 
an investigation of a microreactor filled with a porous structure for immobilization of cells. The 
immobilized cells inside the reactor were brewer’s yeast cells (Saccharomyces cerevisae). 
The fluid dynamic model used was equal to the model used by Okkels and Bruus118. The local 
inverse permeability was also considered to be dependent on the porosity of the immobilization 
structure. The main difference between the two case studies is the used biological reaction model. 
Okkels and Bruus have used a simplified model for the reaction. Schäpper and his co-workers 
used a more complex reaction mechanism. 
This reaction mechanism describes three metabolic events: glucose fermentation to ethanol, 
glucose oxidation and ethanol oxidation. The reaction kinetic model was based on the work from 
Brányik et al. (2004) 120 and Zhang et al. (1997) 121 and is given by the following form: 
 
  ߤଵ ൌ ߤଵ,௠௔௫ ܩܭଵᇱ ൅ ܩ
ܩ
݇௕ᇱ ൅ ݇௔ᇱܩ  (2.53) 
  ߤଶ ൌ ߤଶ,௠௔௫ ܩܭଶᇱ ൅ ܩ
1 ൅ ݇௖ᇱܩ
1 ൅ ݇௖ᇱ݇ௗᇱܩ  (2.54) 
  ߤଷ ൌ ߤଷ,௠௔௫ ܧܭଷ ൅ ܧ ሺ1 െ tanhሺܩሻሻ  (2.55) 
 
where ߤଵ,௠௔௫ is the maximum specific growth rate for a glucose fermentation,	ߤଶ,௠௔௫ is the 
maximum specific growth rate for glucose oxidation, ߤଷ,௠௔௫ is the maximum specific growth rate 
for ethanol oxidation, ܭଵᇱ	and ܭଶᇱ are the saturation constants, ݇௔ᇱ, ݇௕ᇱ, ݇௖ᇱ ݇ௗᇱ are enzyme pool 
regulation constants, ܧ and ܩ are concentrations for ethanol and glucose, respectively. 
The product (recombinant protein) formation is connected to the growth and exclusively 
associated to the oxidative metabolism (ethanol and glucose oxidation, equations (2.54) and 
(2.55) in yeast cells, suspended and immobilized carrying the plasmid which encodes for the 
recombinant protein. The percentage of cells which carried the plasmid was maintained constant.   
Moreover, this study has also included the immobilization kinetics, which considers the 
detachment of cells from the immobilization support. The release of the cells results from the flow 
of the culture broth, which was described according to the studies of Brányik et al. (2004) 120 and 
is mathematically described by: 
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  ݇ௗ௘௧∗ ൌ ݇ௗ௘௧௦௦௧ ܩܭ௦ ൅ ܩ ൅ ܥଷ
ܧ
ܭ௦ ൅ ܧ  (2.56)
 
where ݇ௗ௘௧∗  is the rate of detachment, ݇ௗ௘௧௦௦௧  is the maximum rate for growth on glucose, ܩ is the 
concentration of glucose, ܥଷ reflects a switch to growth on ethanol, ܧ is the concentration of 
ethanol and ܭ௦ is the saturation constant. 
The complex model describes the effects of overflow metabolism, i.e. the production of co-
product ethanol. The side reaction affects negatively the yield of the desired product, therefore 
this study allows the study of the cells positioning in the microreactor in order to maximize the 
formation of the product e reduction of the unwanted products. 
The topology optimization routine was set up using COMSOL® and coupled with MATLAB®. 
The simulations were carried out for a square reaction chamber of length 1.2 mm and width 1.2 
mm similar to the microreactor presented by Okkels and Bruus (2007). Similar to the previous 
case, the topology optimization was carried out in a two-dimensional domain. The objective 
function for this optimization problem is (minus) the total product formation rate which is the 
integral of the local product formation rate ݎ௉ሺݐሻ [kg·s-1] for every point of the domain Ω. The 
objective function (ܬሺߛሻ) is given by: 
  minimization         ܬሺߛሻ ൌ െ׬ ݎ௉ஐ ሺݐሻ ܸ݀  (2.57)
 
The results of this study present a formation of islands of the porous structure with immobilized 
cells (See Figure 2.20). It was concluded that the distribution of immobilized cells on porous 
structures resembling islands allowed the best distribution of glucose and therefore the 
maximization of the production of the protein. The cell growth forms a similar pattern as the 
glucose distribution. However, the glucose oxidation was predominant in the areas of low 
concentration of glucose and therefore, the respiratory mechanism is not subject to overflow 
metabolism in these areas.  
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2.6 Theoretical	background	and	literature	review	discussion	
From the literature review, it can be concluded that topology optimization and shape optimization 
can be performed using different kinds of procedures such as deterministic or heuristic and 
gradient-based or gradient-free procedures. The gradient-based methods are the most commonly 
used in both types of structural optimization. These methods present as main advantage a fast 
convergence to the optimum; however they also present the disadvantage that the optimum might 
correspond to a local minimum. This drawback can be solved by applying a gradient-free method. 
Gradient-free methods have the advantage that it is possible to find the global minimum. 
Moreover, gradient-free methods allow the solution of problems with discrete variables and 
discontinuous functions and domains. Gradient-based methods have also shown to be potentially 
more efficient to solve optimization problems when the number of design variables is large which 
makes the use of gradient-based methods prohibitive due to their high computational costs for 
sensitivity analysis required to obtain a gradient. However, for gradient-free methods the high 
number of design variables might also have an influence on their efficiency and also contribute to 
high computational costs. The adjoint method has presented a solution to overcome this problem 
and it is formulated in order to be independent of the number of design variables. Nevertheless, 
the adjoint method – similar to the other gradient-based methods – can only be applied to 
continuous functions and domains and might converge to local minima. 
In topology optimization, the most commonly used procedures are the Isotropic Solid and Empty 
methods and within these, the Solid Isotropic Microstructured with Penalization (SIMP) and the 
Evolutionary Structural Optimization methods are the most frequently found in the scientific 
literature. These gradient-based methods are frequently used in mechanical engineering and 
building structure problems. 
The SIMP method evolves by using a penalization coefficient for the design variable which 
makes a minimization of intermediate values of the design variable on the domain and the optimal 
solution presents a discrete solution (0-1 values). 
The ESO method is characterized for being a simple method and not requiring advanced 
mathematical approaches. Moreover, it can be used in discrete problems along with “black box” 
software. This method is characterized by the elimination of low efficient elements of the 
structure which is gradually done by considering an optimization criterion and a rejection 
criterion. The rejection criterion is updated when the process of removing elements reaches steady 
state. 
Computational fluid dynamics (CFD) is a complement to experimental and theoretical approaches 
for studying fluid dynamics. In fact, this numerical method can be used to better understand 
phenomena which are not possible to fully investigate by means of experimental and theoretical 
studies. This tool has been continuously under development and it will not substitute any of the 
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other approaches for studying fluid dynamics. In process development, CFD has been used for 
equipment and reactor design. Although, CFD methods have been widely used they present 
several limitations when applied to multi-phase systems, turbulent flows and systems containing 
phase changes. The use of CFD demonstrated to be useful, reduces costs and time that 
experimental work requires for the development of processes. However, CFD is a complement to 
the experimental work and it does not substitute it.  
There are several commercial CFD software packages available on the market, as well as open 
source solutions. Many of these tools present different discretization methods of the domain and 
also for solving the domain. In this project, ANSYS CFX® is the chosen CFD software to solve 
the fluidic problems. Although this software is a “black box” program for which is not possible to 
access and manipulate the underlying equations, it allows to setup the geometry and the domains 
and boundary conditions by using scripts. These scripts can be modified using other programs 
such as e.g. MATLAB®. Moreover, this CFD software can be executed in batch mode and this 
can be controlled from the MATLAB® environment. Therefore it is possible to couple CFD 
simulations in ANSYS CFX® with optimization procedures. 
Microfluidic technology has been used over the years as experimental tool for process 
intensification especially for the development of processes. The main approach for application of 
microsystems as tools for process intensification is an analysis of characteristic times of physical 
and chemical processes. This approach helps with the identification of the limiting phenomenon 
of the process and further consequent analysis of these characteristic times will support the 
development of strategies for intensified processes. 
The different phenomena existing in a specific unit operation each have a characteristic time such 
as heat transfer in a heat exchanger, mass transfer in a mixing or separation unit, reaction time in a 
reactor. The characteristic times are related to a characteristic dimension of the unit operation 
which can for example be the radius. The characteristic times for homogeneous reactions are 
independent of the dimension of the unit operation.  
Complex reaction mechanisms such as heterogeneous or biological/enzymatic reactions might be 
dependent of external factors. Hence, the determination of the characteristic time may imply a 
complex procedure and might not account for intrinsic kinetics and instead rely only on apparent 
kinetics. 
The yield of product and the conversion of substrates depend on the reactor dimensions. 
Therefore, the reactor dimensions which are required for achieving a certain reaction yield can be 
estimated by evaluating the ratio between the residence time in the reactor and the characteristic 
reaction time, the first Damköhler number. 
The flow in a microfluidic device is characterized by a laminar flow regime and the mixing is 
often achieved or limited by diffusion. Since mixing by diffusion is a slow process it requires that 
the dimensions of the microchannels are small. Nonetheless, the fabrication of such small 
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channels results in high fabrication costs and therefore, it is necessary to introduce convective 
mixing in the microchannels. Convective mixing is frequently introduced by passive mixing, 
which can be performed by parallel lamination or by chaotic advection. The parallel lamination 
has been reported as a very efficient mixing method. However, it has been demonstrated that 
increasing the number of interfaces in a microreactor between two liquids does not result in equal 
improvement of the product yield.  CFD studies have shown that reaction yield improvement due 
to increasing the number of interfaces depends on the rate controlling step of the reaction, i.e. the 
reaction itself or diffusion. The increase of lamination interfaces results in an improvement of the 
mass transfer limiting conditions (diffusion as rate controlling step). 
Some examples of shape and topology optimization of microchannels/microreactors can be found 
in the literature. Hasebe, Tonomura and their co-workers have shown that shape optimization can 
be a useful tool for designing microchannels in order to minimize accumulation of material in 
dead zones in manifolds and to minimize the pressure drop in curved channels. They have also 
identified that shape optimization can be used as tool for understanding and gathering information 
about the relation between the flow and the microchannel shapes for posterior microdevice 
fabrication. 
Topology optimization applied to microreactors has been introduced by Okkels and Bruus (2007). 
They optimized the distribution of cells immobilized on a carrying structure with a determined 
porosity inside a microreactor. The design variable for this problem corresponds to the porosity of 
the carrier. The system was evaluated by the amount of product formed inside the microreactor. A 
similar case has been presented by Schäpper et al. (2010) for which a more complex reaction 
mechanism has been considered that includes the growth of cells and the formation of product in a 
slightly different reactor.  
Both cases, by considering the porosity as design variable, have resulted in final configurations 
with large void spaces within the carrier material and with placement of the carrier material as 
islands. These structures are mechanically unstable and, in a real microreactor it would not be 
possible to pack the material in fixed areas, i.e. the carrier material would change location due to 
the fluid flow. Therefore, it is not possible to validate these results experimentally. 
Moreover, these studies change the porosity of the carriers which results in constantly changing 
the fluid profile at each iteration, which consequently modifies fluidic dynamic properties inside 
the microreactor. Thus, these studies do not allow an investigation of the flow profile influence on 
the formation of a product. 
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2.7 Concluding	remarks	
Topology and shape optimization have mostly been applied to structural design. Many 
mathematical methods are reported in the scientific literature for structural optimization. In fact 
the main focus of the experts in this field is to develop more efficient optimization methods. 
Only few studies have been presented in the scientific literature with focus on shape and topology 
optimization of microchannels and microreactors.  
Tonomura and Hasebe’s numerical investigations about the use of shape optimizations applied to 
microchannels have revealed that this optimization technique is important for designing 
microdevices. These authors have presented computational studies for eliminating dead volumes 
and minimize pressure drop in microchannels. From the literature review, it is possible to 
conclude that this field can be used as a complement to the actual process intensification 
procedures. Moreover, the applications of shape optimization to microchannels can be further 
explored. For instance, shape optimization can be applied to microreactors in order to investigate 
the influence of the microreactor shape on the reaction yield or potentially also effects to improve 
the yield in the case of enzymatic reactions with unfavorable equilibrium or product and /or 
substrate inhibition. 
Okkels and Bruus and Schäpper et al. have presented relevant studies on how to intensify a 
microreactor computationally by using a topology optimization procedure. However, the studies 
resulted in configurations which are very difficult to fabricate and test in the laboratory due to the 
unstable structures of the porous cell carrier material. The method used by these authors for 
application of topology optimization to microreactors prevents laboratory testing and involves 
constant change of the flow profile due to adjustment of the carrier porosity. In this field, a new 
method which allows laboratory testing and eliminates constant changes of the flow is necessary. 
To conclude, the implementation of topology and shape optimization to microreactors as a 
process intensification technique requires further development and experimental validation.  
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3 Shape	optimization	of	a	microbioreactor
 
3.1 Introduction	
In the chemical industry, bioprocesses have been one of the main areas of expanding industrial 
development the past decades. Bioprocesses involve the use of microorganisms or their 
derivatives e.g. enzymes to produce valuable substances such as recombinant proteins, drugs (e.g. 
insulin, antibiotics) or other chemical substances (e.g. bioethanol) to name a few. Bioprocesses 
are usually applied to the pharmaceutical, the food and the chemical industry.  
In the pharmaceutical industry, there are numerous enzymes which are used in pharmaceutical 
processes for production of drug products or intermediates 122. 
At early stage development of bioprocesses the definition of the process conditions for optimizing 
the product formation is investigated. Often this optimization is done by adjusting process 
parameters such as temperature, feed flowrate and pH value. In addition, the reactor design is also 
an important aspect to consider in bioprocess implementation. Currently, chemical and 
biochemical reactor designs must facilitate the mixing between the substrate and the biocatalyst to 
overcome mass transfer limitations and improve the productivity. 
Nowadays, the reactor design is chosen according to available configurations that have been 
reported in the scientific literature or that are available at the production sites. This includes 
stirred tank reactors, plug-flow reactors, packed bed reactors and fluidized bed reactors. After the 
reactor configuration has been chosen, the process conditions are optimized. However, although 
the process parameters are adjusted, the reactor configuration is not always optimal. In fact, 
Chapter 3 
 64 
 
common phenomena that indicate non-ideal reactor behavior are frequently observed in reactors 
applied at industrial scale, such as poor mixing, channeling or dead zones, which can be the 
reason for unreacted substrate exiting the reactor. This might then have a severe impact on the 
product yield, on the downstream processing and on the respective operating costs.  Furthermore, 
complex reactions related for example to enzymatic processes can also contribute to challenges in 
adapting the process to the reactor configuration. 
The complexity of bioreactions on the one hand, and the difficulties in adapting the process to the 
reactor while simultaneously obtaining high reaction yields on the other hand, give a clear 
motivation to explore new strategies for improving a reactor configuration.   
A new strategy for developing a reactor is suggested in this chapter. Instead of adapting the 
process to a well-known reactor shape, a shape optimization method is used to find the reactor 
shape with best performance regarding a specific reaction system. 
Shape optimization is a mathematical method often used in mechanical and civil engineering. 
This method is characterized by finding the optimal geometry within a defined domain which 
minimizes or maximizes an objective function and fulfils specific constraints. The constraints can 
be defined for example by the amount of used material, the number of iterations and/or the 
improvement of the result of the objective function. As described in Chapter 2, shape optimization 
has been adapted to microfluidics and chemical engineering in order to minimize the pressure 
drop in microchannels and eliminate dead volumes in microscale manifolds.    
This chapter will present a new implementation for shape optimization in chemical engineering 
which can be a new approach for intensifying equipment and complement the existing process 
intensification methods. Shape optimization can be an opportunity to improve equipment for 
bioprocesses such as reactors or static mixers.  
A novel application in biochemical engineering of shape optimization using a stochastic 
evolutionary algorithm – random search – is presented. The purpose of this mathematical 
investigation is to introduce an innovative method for the design of a microreactor under laminar 
flow conditions and with an enzymatic reaction occurring inside.  
Shape optimization is used in this chapter to improve the reaction yield occurring between two 
parallel laminar streams containing the enzyme and substrate respectively by modifying the shape 
of a microreactor channel. In this case, it is considered that the biocatalyst and one of the 
substrates are slowly diffusing compounds (<10-10 m2 s-1). Therefore, the mixing of the compounds 
by diffusion is very slow and only a small amount of substrate is converted. This case study was 
chosen in order to verify that the shape optimization works by finding a better micromixing 
structure, which promotes the reaction inside the microreactor. In the theoretical background 
presented in Chapter 2, several passive mixing structures were presented which included 
alterations on the internal channel walls (e. g. by carving grooves out) to improve the mixing in 
micromixers.  
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These investigations will give the opportunity to identify the optimal process conditions, collect 
information regarding which flow characteristics influence the reaction yield or even obtain the 
final optimal shape before performing experimental work. This new implementation will 
potentially reduce extensive experimental work and waste of materials. Additionally, it will be 
possible to determine beforehand an optimal reactor design and to test it right away. 
 
3.2 Shape	 optimization	 of	 a	 microbioreactor	 for	 enzymatic	
synthesis	of	optically	pure	chiral	amines	
The challenges concerning the biocatalytic process development are the high costs of the enzymes 
at an early stage of process development, as well as limited availability of enzyme candidates to 
be screened, preventing bench-scale process screening 123. For this reason, microsystems are a 
good alternative, since they allow high throughput or high content screening of process 
parameters, reaction kinetics, solvents or materials, but are not yet broadly used in the field 124.  
In this section, we will demonstrate the implementation of shape optimization via computational 
fluid dynamics studies of a microbioreactor for the production of optically pure chiral amines 
through an enzymatic reaction.  
Chiral amines are crucial substances for the production of pharmaceutical drugs and 
agrochemicals 125. Although chemical processes producing chiral amines already exist, the 
biocatalytic route has been considered as an alternative process due to its advantages. Biocatalytic 
processes using e.g. amine transaminase (ATA) as biocatalyst have several advantages when 
compared to chemical routes such as mild reaction conditions, high stereoselectivity and high 
enantioselectivity 126. The reaction catalyzed by ATA is considered to be a very complex reaction 
with many downsides. One of the disadvantages of this biocatalytic reaction is the inhibition of 
amine transaminase by both the substrates and the products. Moreover, the biocatalysis by ATA is 
also characterized by an unfavorable thermodynamic equilibrium, which drives the reaction 
towards the substrates 127. The complexity of this enzymatic reaction, combined with the 
versatility of microsystems fabrication, gives a clear motivation to explore the influence of the 
microreactor shape on the production yield. 
The chosen model reaction corresponds to the synthesis of the chiral product (S)-1-
phenylethylamine (PEA) and acetone (ACE) from acetophenone (APH) and isopropylamine 
(IPA) by using amine transaminase (ATA) as biocatalyst (See Figure 3.1).  
 
Figure 3.1- Reaction system for microreactor optimization. 
Amine transaminase 
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ATA is known for following the ping pong bi bi kinetic mechanism in which one of the substrates 
(in this specific case, isopropylamine) binds first, the co-product (acetone) is released before the 
second substrate (acetophenone) binds and the final product ((S)-1-phenylethylamine) leave the 
enzyme site last 128. The kinetic rate equation for this reaction mechanism is given by 129:  
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ൌ
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The specific kinetic parameters for this reaction system were determined and calibrated to the 
enzymatic mechanism by Al-Haque et al. (2012) 130.  The reaction mechanism is characterized by 
14 parameters, which includes the reaction rate constants, the Michaelis-Menten constants, the 
product and substrate inhibition constants and the equilibrium constant of the reaction. The rate 
equation represents the mathematical equation which describes both the forward reaction towards 
the product formation (phenylethylamine and acetone) and the reverse reaction towards the 
substrate formation (acetophenone and isopropylamine). In the reaction rate equation, the 
turnover number of the forward reaction is represented by ݇௖௔௧௙  and the turnover number of the 
reverse reaction is denoted by ݇௖௔௧௥ . The rate equation includes also the Michaelis-Menten 
constant for each of the compounds participating in the reaction. The Michaelis-Menten constants 
for acetophenone, isopropylamine, (S)-1-phenylethylamine and acetone are denoted by ܭெ஺௉ு, 
ܭெூ௉஺, ܭெ௉ா஺ and ܭெ஺஼ா, respectively. 
This specific reaction is greatly influenced by competitive substrate inhibition of acetophenone 
and (S)-1-phenylethylamine. The substrate inhibition constants for both acetophenone and (S)-1-
phenylethylamine are represented by ܭௌ௜஺௉ுand ܭௌ௜௉ா஺, respectively. The significance of substrate 
inhibition by acetone (ܭௌ௜஺஼ா) and isopropylamine ሺܭௌ௜ூ௉஺ሻ was found to be negligible. The core 
inhibition constants for acetophenone, isopropylamine, (S)-1-phenylethylamine and acetone are 
represented in the kinetic equation by (ܭௌ௜஺௉ு), (ܭௌ௜ூ௉஺), (ܭௌ௜௉ா஺) and (ܭௌ௜஺஼ா). The equilibrium 
constant is given by ܭ௘௤. The parameters γ and λ are the binary reaction direction indicators. The 
parameters, estimated by Al-Haque et al. (2012) 130 and used in these simulations, are summarized 
in Table 3.1.  
In this case study, two compounds are considered as slowly diffusing compounds: acetophenone 
(1·10-12 m2·s-1) and ATA (1·10-11 m2·s-1).The slow diffusion of acetophenone has been 
documented in the scientific literature by Bodla et al. (2013) 101. Although the acetophenone 
molecule is not a very large molecule it appears to be a slowly diffusing molecule. The low 
diffusion coefficient seems to be related to the low solubility of acetophenone in water.  
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Table 3.1 – Parameters of the kinetic model estimated by Al-Haque et al. (2012) 130. 
Rate constants (min-1) 
 Substrate inhibition  
constants (mM) 
Kfcat 0.0078  KSiAPH 4.15 
Krcat 0.013  KSiPEA 10.38 
Michaelis-Menten constants 
(mM) 
 Core inhibition constants 
(mM) 
KMAPH 1.85  KiAPH 0.09 
KMIPA 101.28  KiIPA 4281 
KMACE 148.99  KiACE 0.11 
KMPEA 0.12  KiPEA 105 
Equilibrium constant    
KEQ 0.033    
 
In the scientific literature 131, the acetophenone diffusion coefficient presents a value 766 times 
higher – 7.66·10-10 m2·s-1 – for an organic-aqueous system containing 10% of methanol. 
Moreover, in the same article, the value of the diffusion coefficient improves slightly (6.39·10-10 
m2·s-1) when the concentration of methanol increases to 30% in water. In another scientific article 
132, the acetophenone diffusion coefficient was also determined in a microfluidic device for an 
organic-aqueous system which contains 10% of methanol. The diffusion coefficient has a similar 
value– 7.35·10-10 m2·s-1 – to the one reported by Li et al.131. The results reported by Li et al.131 
demonstrate that there is non-significant difference of the diffusion coefficient value when the 
methanol concentration in solution decreases. Their results also showed that even in solutions 
with lower amount of methanol the diffusion coefficient is still much higher than the reported by 
Bodla and his co-workers. 
From these reported results, it is possible to conclude that the diffusion coefficient value of 
acetophenone in water might not be much different from the values reported for solutions with 
low methanol concentrations. This indicates that the value reported by Bodla and his co-workers 
might not be the correct diffusion coefficient value for water solutions. However, we kept this 
value nevertheless in the optimization procedure. In this way it would also be possible to 
investigate the impact of the geometry on potential strategies for running the reactor such as in 
situ product removal conditions. In situ product removal is a strategy which can be used for 
shifting the unfavorable equilibrium towards the product formation and for removing an 
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inhibitory product 133. In this way, it will be possible to evaluate the resulting reactor shape effects 
on the mixing and on in situ product removal. Therefore, conclusions regarding how to implement 
the process will be drawn from the analysis of the final design.  
ATA, a protein, is considered to be a slowly diffusing molecule due to its large molecular 
structure. Therefore, its diffusion coefficient was considered to be similar to the values reported 
for enzymes, 10-11 m2·s-1 134. All the other compounds involved in this reaction system were 
considered to be fast diffusing substances and to have the same diffusion coefficient, 1·10-9 m2·s-1. 
 
3.2.1 Materials and methods 
3.2.1.1 Initial configuration of the microreactor 
The dimensions of the microreactor in this case study are in the range of micrometers, and 
therefore the flow regime corresponds to laminar flow conditions. Microreactors are characterized 
by very large surface-area-to-volume ratio, very effective heat and mass transfer and enhanced 
control of process conditions due to automation 78,124. In microfluidics the flow is characterized by 
laminar flow and therefore the mixing is essentially characterized by diffusion. However, in this 
case study some of the compounds are characterized by slow diffusion, and therefore the mass 
transfer within the reaction chamber is not very effective. This phenomenon motivates the 
investigation of the impact of shape optimization on the slow mixing velocity of acetophenone 
and ATA. 
The dependence of the reaction on the fluid mechanics of the system and the properties of the 
compounds will be evaluated by the governing equations of CFD i.e. the Navier-Stokes and the 
continuity equations which are presented below. These equations have been presented in detail in 
Chapter 2. 
 
 Navier-Stokes equation:       డడ௧ ߩ࢜ ൌ െሺસ ∙ ߩ࢜࢜ሻ െ સ ∙ ݌ െ ሺસ ∙ ࣎ሻ (3.2) 
 Continuity equation:       డఘడ௧ ൌ െ׏ሺߩ. ݒԦሻ ൅ ܵ 
 
(3.3) 
The coupling with energy balances is not implemented since the reaction occurs under isothermal 
conditions.  
The initial shape of the studied microreactor has the form of a YY-microchannel with a 
rectangular cross-section where the inlet and the outlet are located at the respective ends of the 
reactor. A YY-microreactor is characterized by a main long reaction channel and by two channels 
at each extremity which meet at the begin/end of the main channel forming an angle lower than 
90°, forming a Y shape (See Figure 3.2). 
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Figure 3.2 - YY-microreactor configuration with indication of the inlets and outlets and substances at each inlet with a 
detailed view of the inlet of the reaction channel. 
The Y shapes at each end of the reaction chamber correspond to the inlet and the outlet where two 
streams meet at the entrance of the main channel and are split again into two streams at the exit of 
the channel. In one inlet of the microreactor a solution with ATA enters, and in the other inlet a 
solution of acetophenone and isopropylamine is introduced. The concentrations of the substrates 
and the enzyme at the inlet before mixing the flows are presented in Table 3.2. 
 
Table 3.2– Concentration of substrates and enzyme at the inlet of the microreactor. 
Substance Concentration 
Acetophenone 20 mM 
Isopropylamine 2 M 
Amine transaminase 0.15 mM 
 
The choice of the substrate and enzyme concentrations considered in this study was made based 
on experimental work of Al-Haque et al130. and Bodla et al. 101. The concentration of enzyme was 
calculated from information available in the scientific literature cited previously and considering 
that the molecular weight of the enzyme is 40 kDa. 
The optimization routine focuses on the modification of the surface of the main channel of a 
microreactor. The main channel consists of a chamber without divisions. The initial configuration 
of the main channel has the following dimensions: 0.25 mm width for each inlet and outlet, 1 mm 
height and 100 mm length. 
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the script files. The change of these script files, the generation of the executing files and the 
execution of the simulation can be performed via batch mode processes. The batch mode is 
defined as an automated process for running files without opening a graphical program interface, 
which demands no user interaction. In the shape optimization procedure, it is possible with help 
of MATLAB® code to establish commands for defining a run of a simulation in batch mode; it is 
also possible to convert script files into arrays, modify the properties for definition of a geometry 
or the parameters of a simulation setup and command the start of a simulation. Therefore, there is 
a great opportunity to establish an optimization routine by coupling a “black-box” CFD 
commercial software – in this case ANSYS CFX® – and MATLAB®. In this way it is possible to 
link two commercial software packages through a self-programmed and fully automated 
optimization process. It is important to emphasize that the two software programs have distinct 
roles: ANSYS CFX® solves the fluidic problem with the integrated reaction system and evaluates 
the product concentration at the outlet and MATLAB® executes the optimization method. The 
routine and interaction between ANSYS CFX® and MATLAB® used for the shape optimization of 
the microreactor of this case study is represented in Figure 3.4.  
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Figure 3.4 – Algorithm for the shape optimization of the enzymatic microreactor. 
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The optimization routine established in MATLAB® is characterized by five steps. The first step is 
to read information about the product concentration at the outlet of the reactor from the post 
processing file of ANSYS CFX®. The second step is the decision on keeping the new geometry 
according to results read from the post processing file. The third step is the generation of a new 
set of points according to the random search procedure. The two last steps, finally, are the update 
of the reactor geometry and the flowrate on the CFD scripts and the start of the new CFD 
simulation.  
In shape optimization the alterations are directly made to the geometry and therefore the file that 
is being updated for every iteration is the script file which creates the geometry and mesh (ICEM 
CFD®). All the other set-up files are modified and generated automatically according to the 
changes of this new geometry/mesh file.  
The microreactor geometry has been discretized in small volume elements creating a mesh. The 
mesh handles the division of the geometry domain into sub-elements. The generation of the mesh 
and discretization of the domain into elements allows the numerical solution of the governing 
equations of the CFD code which provides discrete values of the equations for each mesh node. 
The mesh is one important part of the CFD simulation since the quality of the mesh matters for 
the solution of the CFD analysis. Therefore, the mesh generation is usually a complicated and 
time consuming process.  
The mesh generation method has been recorded into a script file when the mesh was generated for 
the initial shape. The method for generating the mesh is the same for all the shapes given by the 
random search method. The mesh adapts automatically to all the different geometries and it is 
ensured that the mesh covers the whole microreactor structure.  
In this way it is possible to achieve consistency and automation in the mesh generation without 
user interference. In this case study, the geometry was discretized into a structured mesh. The 
choice of a structured mesh over an unstructured on was made based on the advantages of the 
structured mesh. The comparison of both types of meshes made in Chapter 2 highlighted that the 
solution of structured meshes requires lower computation time and memory usage and that it 
solves problems of high gradients more accurately than an unstructured mesh for the same 
geometry. By adopting a structured mesh discretization, the domain became discontinuous which 
means that not all the combinations of the points will be possible. The discontinuity of the domain 
is caused by the formation of sharp angles for some combinations of points and therefore the 
elements in that zone tend to be tetrahedral instead of hexahedral. Thus, the shape of tetrahedral 
elements will be difficult to use during the solver calculations.  
The quality of the mesh is evaluated by the angles of the elements and it should be sufficient to 
fulfil the solver requirements. The ANSYS CFX® compatible mesh generator, ICEM CFD® has 
the option to verify the mesh quality. One of the methods available in ICEM CFD® to evaluate the 
quality is named Determinant. 
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method was implemented. As stated above, the shape optimization procedure was based on a 
stochastic evolutionary procedure, the random search method. 
For an optimization, it is necessary to define the objective function and restrictions. In this study, 
the objective function is the concentration of product at the outlet of the microreactor, which must 
be maximized (alternatively the substrate concentration can be minimized). The optimization 
routine stops either when one of the restrictions is satisfied or the system has converged. In this 
optimization problem, the routine can be stopped due to two restrictions, either when the amount 
of substrate produced is ten times higher than the initial one or the number of iterations between 
two local minima exceeds 1500. It was assumed that for such low reaction rate and low product 
formation, the minimum of improvement required to consider the fabrication of the optimized 
microreactor worthwhile is a factor 10 improvement. The restriction regarding the number of 
iterations between two local minima was set in order to prevent high computational costs due to 
the large number of design variables and the discontinuity of the domain.  
The formulation of this optimization problem is given by the following notation: 
 
Maximize ݂ሺ݌̅௜ሻ ൌ ׬ ݎ௉ሺ݌̅௜ሻܸ݀ఆ  
  Subject to        ݂ሺ݌̅௜ሻ ൌ 10 ൈ ݂ሺ݌̅଴ሻ 
                                      ݂ሺ݌௜ሻ ൑ ݂ሺ݌̅௜ା௘ሻ; ݁ ൑ 1500 (3.4) 
 
where ݂ is the objective function, ݌̅଴ is the vector which sets the points for the initial geometry 
positions,  ݌̅௜ is the vector with the points positions, ݅ is the iteration number and ݁ is the number 
which evaluates the interval of iterations between local optima. 
Considering the notation above the optimization procedure is defined by the following algorithm: 
Until either the concentration of substrate is ten times lower or the number of iterations between 
local optima is more than 1500, run the following cycle: 
- Initialize the random search with initial vector ݌̅௜ ൌ 	 ሼ݌ଵ, ݌ଶ, … ݌௡ሽ ⊂ ܵ which gives the 
shape presented in Figure 3.5. 
- Sample a new position for each of the elements of the vector ݍത௜ାଵ 	ൌ ሼݍଵ, ݍଶ …ݍ௡ሽ ⊂ ܵ 
from the 0-sphere by the pair of points ሼ݌௡ െ 0.03݌௡, ݌௡ ൅ 0.03݌௡ሽ and by setting a 
random step size within the interval [0,1]. Thus, the changes made to each point will 
correspond to a relative change between -3% and +3%. 
- If ݂ሺݍത௜ሻ ൏ ݂ሺ݌̅௜ሻ and a new local optimum set of points has been found. Set the vector  ݌̅௜ 
based on the optimum set of points ݍത௜ାଵ.  
- Interrupt the cycle when the concentration of product at the outlet is ten times higher or 
the number of iterations between local optima is more than 1500. Otherwise increase ݅ and 
return to the second step. 
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3.2.2 Results and discussion 
This optimization study included 9296 simulations in total, where each simulation took between 2 
to 5 minutes to reach a solution. The achieved optimal shape has the properties of a wavy 
structure on all four walls of the channel. On the one hand, 4.4·10-5 mM of substrate were 
converted with the initial configuration, on the other hand, 37.1·10-5 mM of substrate were 
converted with the final shape. Finally, the yield in the final configuration corresponds to 8.4 
times the yield in the initial shape which was very close to the pre-defined goal (10 times the yield 
of the initial shape). However, the number of iterations required to find the next local optimum 
increased exponentially which made the optimization procedure very expensive from a simulation 
point of view. Therefore, the restriction of maximum 1500 iterations between local optima was 
implemented.  
 
Initial Configuration 
Acetophenone (S)-1-Phenylethylamine 
  
Final Configuration 
Acetophenone (S)-1-Phenylethylamine 
   
Figure 3.6 - Concentration of acetophenone and (S)-1-phenylethylamine along the channel for initial and final 
configurations. 
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Initial Configuration 
Left Side  Right Side 
 
 
Final Configuration 
Left Side  Right Side 
   
 
Initial Configuration  Final Configuration 
Bottom  Top  Bottom  Top 
 
       
Figure 3.7 - Views from the four directions of the initial and final configurations. 
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The comparison of the results between the initial configuration and the final configuration for the 
substrate consumption and the product formation can be found in Figure 3.6. The comparison 
between the initial and the final microreactor configurations can be seen in Figure 3.7. The final 
configuration is characterized by a series of expansions and shrinkages of the surface of the 
microreactor. From Figure 3.6 and Figure 3.7, it is possible to verify that the curvatures resulted 
from the optimization procedure have a significant impact on of the two parallel streams and 
consequently on the reaction yield. 
It is also possible to verify that the bottom and the top surfaces suffered greater alterations 
compared with the lateral surfaces. The displacement of the points of the top and the bottom seem 
to have a higher importance than the movement of the points on the lateral surfaces.  
From the bottom view, it is possible to see that a deep and narrow expansion contributes greatly to 
the mixing of the two streams and consequently to the product formation. The narrowing of the 
channel contributes to short diffusion distances of the compounds, and therefore it contributes to 
the mixing and consequently, to the reaction yield. In fact, the formation of product is higher in 
the region close to the bottom surface of the microreactor and seems to be related to this deep and 
narrow deformation of the channel. From the top view, the channel contributes to the mixing 
inside by introducing a passive mixing form similar to e.g. a staggered herringbone structure. The 
staggered herringbone and similar forms are structures which have been widely applied in 
micromixers and reported in the scientific literature. This kind of structures introduces helix 
shaped streamlines which have a considerable impact on the mixing of parallel streams 108.  
From Figure 3.7, it is possible to observe that the first splines in the reaction channel present 
greater modifications than the splines closer to the outlet. It seems that the first part of the 
microchannel is more important for the mixing of the streams, and consequently for the reaction 
yield, since the modifications were more significant in the first part, and there were only minor 
changes in the last part of the channel. However, this is not completely certain and more 
investigations would be required to confirm this fact. 
With respect to in situ product removal strategies and strategies for overcoming the unfavourable 
equilibrium referred in the beginning of this chapter, the results are inconclusive. The analysis of 
the results suggests that in this case the mixing plays a more important role for achieving higher 
yields. 
The resulting structure of shape optimization of the YY-microreactor is very complex. The 
complexity of the shape makes the fabrication of the structure very difficult or impossible and 
therefore it will not be possible to investigate the final microreactor design experimentally. The 
achievement of this complex structure was caused by the high number of design variables (points 
distributed on the microreactor surface), by the various combinations for displacement of the 
points and by the discontinuous domain which withholds the solution of geometries which did not 
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fulfil the mesh solver requirements. However, this study allows gathering information which can 
be useful for the fabrication of microreactors with integrated mixing.  
 
3.3 Concluding	remarks	
Shape optimization has been often applied in mechanical engineering and only few cases of 
applications of shape optimization to chemical engineering and microfluidics problems have been 
reported in the scientific literature. All the reported cases of shape optimization applications to 
microchannels are only two-dimensional cases. In this chapter, shape optimization is used for 
optimizing a three-dimensional geometry of a reactor. The presented case study in this chapter 
corresponds to the evaluation of the influence of the modification of a microreactor channel shape 
on the reaction yield. In order to achieve this, shape optimization was the technique used to 
perform this investigation.  
The optimization cycle was relatively straightforward to implement in MATLAB® due to the ease 
of the optimization method. Nonetheless, the automatic mesh setup has been shown to be rather 
complex due to the implementation strategy to minimize the discontinuity of the domain. The 
setup of the O-grid was not a simple process and required several attempts to decide for the best 
strategy for automatic generation of the mesh. 
The case study presented in this chapter differs from already presented cases in the literature due 
to its three-dimensional evaluation with application of a structured mesh with automatic adaption 
to all the different geometries. The initial configuration of the microreactor was a YY-
microreactor which is described by a squared cross section reaction channel with two channels 
meeting at each end (inlet and outlet) of the reaction channel. The final configuration of the 
microreactor is a complex structure with many curvatures. The final configuration contributes 
greatly to the improvement of mixing of the two streams and consequently to the reaction yield 
improvement. The reaction yield is 8.4 times higher in the final microreactor configuration than in 
the initial configuration, which is a significant improvement. 
The final configuration cannot be easily fabricated due to the complexity of the structure. 
However, the shape optimization of the microreactor allows the collection of information on how 
to build a microreactor with a shape that promotes the reaction. Upon the start of the 
implementation of the case study, there was no information on the impact of the complex kinetics 
on the reaction yield. From the results of shape optimization, it was possible to identify that the 
mixing is the most important phenomenon for the product formation in this specific case. The 
results of this case study are in fact a validation of this shape optimization method since the final 
configuration resembles a staggered herringbone structure which is a very well-known well-
performing passive mixer. 
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In the scientific literature, it is stated that narrowing of microchannels improves the mixing of 
parallel streams by diffusion 135. From this study, it is possible to conclude that although this fact 
is true, the diffusion process is slow and that mixing by convection is more important in large 
structures. It is also possible to conclude that the convection mixing stimulated by passive mixing 
structures inserted on the top and bottom wall contribute the most to the mixing and the product 
formation. These facts and the results of the case study indicate that shape optimization is a useful 
tool for optimizing large microchannels. 
The final conclusion from this study is therefore that shape optimization allows the investigation 
of potential intensification strategies in order to build better designed reactors. Although in this 
case it is not possible to fabricate the final configuration due to the high number of design 
variables (surface points), nonetheless, this challenge can be overcome by simplifying the shape 
optimization method. This simplification can be achieved by implementing more restrictions in 
the optimization procedure which consider the feasibility of fabrication. 
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4 Topology	optimization	of	microreactors
 
4.1 Introduction	
In Chapter 3, the implementation of shape optimization of the structure of a microreactor was 
presented. The results showed that it is possible to improve the yield of a microreactor by 
modifying its geometry, however they also demonstrated that the optimal configuration of the 
reactor was very complex to be fabricated. In this chapter, the investigation for optimization of 
the microreactor is directed to the phenomena inside the reactor. Therefore, topology optimization 
is used in order to investigate new modes of configuring the same reactor geometry such as the 
distribution of the enzyme inside. This method might potentially bring novel applications for 
designing a reactor. 
Topology optimization has been used by mechanical and civil engineers to various mechanical 
structures and buildings. One of the main purposes behind the topology optimization application 
in mechanical engineering is related to the minimization of the amount of material that is required 
while maintaining the mechanical strength of a structure with the overall purpose of minimizing 
costs. It is a mathematical method, which optimizes the spatial distribution of the material within 
a domain, by fulfilling given constraints and minimizing/maximizing a predefined cost function. 
In topology optimization there are several possibilities to apply the optimization method 
according to the characteristics of the material, e.g. isotropic or anisotropic material. This project 
focusses on isotropic material methods using the Isotropic Solid Empty concept. In an ISE 
method, the elements of the domain are either filled by a particular isotropic material or they are 
Chapter 4 
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empty. An isotropic solid is a material for which its physical properties are uniform in all 
orientations 17.  
In the scientific literature, as reviewed in Chapter 2, there are two common techniques for 
Isotropic Solid and Empty (ISE) optimization:  the Solid Isotropic Material with Penalization 
(SIMP) and the Evolutionary Structural Optimization (ESO). 
The SIMP technique is based on the determination of the optimal structure by varying the density 
of the elements of the domain 2. The predefined domain is discretized in a number of elements 
and a finite elements analysis is carried out to determine the structure performance. The cost 
function is penalized by adding an exponent to the design variable on the objective function. The 
penalization factor minimizes intermediate values of the design variable and approximates the 
solution to a discrete solution (0-1 values) 2,48.  
The ESO method is based on the concept of progressively removing inefficient material from the 
studied structure 19. The unneeded material is removed by using a rejection criterion (RR) 58, 
which identifies the ineffective material. The design variables are updated and a new finite 
element analysis is carried out to evaluate the structure performance. The rejection criterion is 
updated once it has reached the steady-state and the current rejection criterion does not remove 
more elements from the structure. 
In this chapter, the method of the topology optimization of an enzyme distribution inside a 
microreactor will be established. This method will be an adaptation of the Evolutionary Structure 
Optimization (ESO). The method will here be used for two-dimensional and three-dimensional 
case studies. The two-dimensional case study corresponds to the optimization of the enzyme 
distribution immobilized on the walls of a microreactor. The three-dimensional case study 
corresponds to the optimization of the immobilized enzyme distribution in a packed bed 
microreactor.  
The use of the topology optimization for microreactors is similar to the shape optimization and 
has as main goal to show that this method can be a tool for process intensification of 
microreactors. This tool will identify the bottlenecks of the reactor configurations and make 
alterations to the microreactor layout in order to improve the product concentration at the outlet. 
In this way, the optimal, or at least an improved microreactor configuration will be found before 
testing it in the laboratory. Moreover, it will be possible to gather information about the influence 
of the position of the enzyme in the microreactor which will be useful for its design.  
 
4.2 The	topology	optimization	method	
Topology optimization has previously been applied to microreactors by Okkels and Bruus118 and 
Schäpper and his co-workers119. They have optimized the immobilized cell distribution on a 
carrier by optimizing the porosity inside a microreactor. 
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In this approach the topology optimization will be implemented in a different way. Instead of 
considering the design variable as the porosity of the immobilization carrier, the design variable 
will be the concentration of enzyme inside the microreactor. The decision was taken in order to 
avoid solutions similar to the ones obtained by Okkels and Bruus and Schäpper et al. in which the 
immobilization carrier resulted in large void spaces within the carrier material. These carrier 
configurations are mechanically unstable and in a real reactor the packing of material at fixed 
locations would not be possible, since the material would change location due to the flow. Hence, 
it would not be possible to test these microreactor configurations experimentally. Furthermore, the 
modification of the carrier porosity results also in a change of the flow profile. As mentioned 
above, the purpose of applying topology optimization to a microreactor has as main goal to use it 
as a process intensification tool. Thus, the modification of the flow profile will make the 
conclusions about the relation between the flow profile and the product formation very difficult or 
impossible. 
The topology optimization method used in this project is an adaptation of the Evolutionary 
Structural Optimization (ESO) method. As referred above, the design variable for all the case 
studies in this project is the enzyme concentration inside the microreactor. The cost function 
corresponds to maximizing the concentration of the product at the outlet of the microreactor. 
There is only one constraint in these topology optimization problems which is to maintain the 
amount of enzyme (number of moles) constant inside of the microreactor between iterations. This 
constraint makes this procedure different from the original ESO method. With the original ESO 
method the inefficient material is simply removed, but when the enzyme concentration is the 
design variable, the removal of elements influences the production negatively. When an element 
is removed the amount of enzyme will be less and the product concentration at the outlet will 
decrease. Thus, the ESO method has been modified. In this case, when an element is removed the 
amount of enzyme of that specific element will be distributed between all remaining elements 
which still contain immobilized enzyme. In this study a maximum concentration of enzyme on the 
surface is established and the initial concentration of enzyme is always lower than the maximum 
enzyme concentration.  
The general formulation of the optimization problem in this thesis is given by: 
 
 Maximize ܬሺܥாሻ ൌ ሶ݉ ௉ ௢௨௧௟௘௧ ൌ ܳ ൈ ܥ௉തതത൫ܥா ሺݔ, ݕ, ݖሻ൯௢௨௧௟௘௧ 
Subject to  ܥா ൑ ܥா௠௔௫ (4.1)
 
where ሶ݉ ௉	௢௨௧௟௘௧ is the product mass flow rate at the outlet, ܥ௉തതത௢௨௧௟௘௧ is the average product 
concentration at the outlet, ܥா  is the enzyme concentration and design variable which is 
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dependent of the position in the microreactor, ܥா	௠௔௫ is the maximum enzyme concentration in 
the reactor, ݔ, ݕ, ݖ are the space coordinates and ܬ is the objective function. 
In Chapter 2, the evaluation of the elements for a posterior decision of removal in the ESO 
method was done by evaluating the stress of the element. In this case, a sensitivity analysis is 
carried out for evaluating the influence of each element on the product concentration at the outlet. 
The enzyme concentration is varied equally for each element and a result is obtained by solving 
the system by computational fluid dynamics. A decision about the update of the design variable is 
made according to the sensitivity analysis results. In the description of the ESO method in 
Chapter 2, the update of the design variable was made according to an evaluation of stress ratio in 
relation to the rejection criterion. The stress ratio was defined by the ratio between the stress of 
the element and the stress of the overall structure. In this case, the ratio corresponds to the 
sensitivity number which is defined by the ratio between the sensitivity analysis result of the 
element removal (i.e. the product concentration at the outlet when the element is removed) and 
the result of the previous iteration (i.e. the product concentration at the outlet when no element is 
removed). This ratio will from now on be called the concentration ratio. The elements are 
removed if they satisfy the following condition: 
 
 ሾܲݎ݋݀ݑܿݐሿ ௘௟௘௠௘௡௧ ௝
ሾܲݎ݋݀ݑܿݐሿ௜ିଵ ൐ ܴܴ௞ (4.2) 
 
where ሾܲݎ݋݀ݑܿݐሿ	௘௟௘௠௘௡௧	௝	is the outlet product concentration when element ݆ is removed, 
ሾܲݎ݋݀ݑܿݐሿ௜ିଵ is the product outlet concentration resulting from the previous iteration and ܴܴ௞ is 
the current rejection criterion. An element with high influence is characterized by a larger 
decrease of outlet product concentration than an element of low influence. 
This means that for the least influencing elements, the product concentration at the outlet will 
vary less and therefore, it will result in high concentration ratios, approximating 
ሾ௉௥௢ௗ௨௖௧ሿ	೐೗೐೘೐೙೟	ೕ	
ሾ௉௥௢ௗ௨௖௧ሿ೔షభ  
to 1. So, the elements with the highest concentration ratios will have to be eliminated. It should be 
emphasized that the concentration ratio has to be higher than the rejection criterion in order for 
the element j to be rejected. 
The rejection criterion varies between 1 and 0 and is maintained constant until the process of 
removing the elements reaches a steady state, i.e. no more elements can be removed with that 
specific rejection criterion value. As similar to the original ESO method, when the steady-state is 
reached the value is updated according to the evolutionary rate. The evolutionary rate ሺܧܴሻ is 
added to the rejection criterion: 
 
 ܴܴ௞ାଵ ൌ ܴܴ௞ ൅ ܧܴ (4.3) 
 85 
 
The rejection criterion in the beginning of the optimization procedure is set equal to 1, but to 
eliminate the first elements it is adjusted with the evolutionary rate.  
The implementation of the topology optimization method was done by linking two commercially 
available software modules, MATLAB® and ANSYS CFX®. As described in Chapter 2, ANSYS 
CFX® is a “black box” box” software and the user has no access to the governing equations, the 
modelling methods, the numeric methods or the solving methods. Nonetheless, this software has 
the possibility for writing the mesh files (software ICEM CFD®), the setup file for simulation 
(software ANSYS CFX-Pre®) and the post-processing files (software ANSYS CFX-Post®) as 
script files. These script files can be read and manipulated by other softwares such as MATLAB®. 
MATLAB® converts these script files into arrays and in this way it is possible to modify them. 
The array can be converted into a file again which can be read by ANSYS CFX®. ANSYS CFX® 
can then be executed in batch mode from MATLAB® by writing the executing commands. In this 
way, the user does not need to open the ANSYS CFX® user interface in order to manipulate the 
files or to execute them. The general procedure used in this project is presented in Figure 4.1. In 
the studies presented in this thesis, the topology optimization procedure is a routine which couples 
the simulations in ANSYS CFX® to MATLAB®. 
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Figure 4.1 – General topology optimization procedure, adaptation of Evolutionary Structural Optimization. 
 
The optimization loop starts by setting a vector in MATLAB® in which the enzyme concentration 
of the different locations in the microreactor ([CE1…CEn]) is defined. The enzyme is initially 
uniformly distributed in the microreactor at half of the established maximum enzyme 
concentration.  Afterwards, the ANSYS CFX-Pre® script is changed according to the defined 
vector, a computational fluid dynamics simulation is carried out by ANSYS CFX Solver® and the 
cost function is evaluated. The optimization procedure starts with a sensitivity analysis of each 
element in order to evaluate its influence on the product concentration at the outlet. One by one 
the enzyme concentration of each of the immobilization elements is varied equally. This is 
controlled by a self-programed routine in MATLAB® which makes the necessary modifications in 
ܴܴ௞ାଵ ൌ ܴܴ௞ ൅ ܧܴ 
ሾܲݎ݋݀ݑܿݐሿ௘௟௘௠௘௡௧	௝ሾܲݎ݋݀ݑܿݐሿ௜ିଵ
൐ ܴܴ௞ 
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MATLAB
®
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the ANSYS CFX-Pre® script while ANSYS CFX® carries out the computational fluid dynamics 
analysis using the new script.  
The MATLAB® code removes the elements with the lowest sensitivity according to a predefined 
rejection criterion (ܴܴ௞). The amount of enzyme present in the removed elements is distributed 
within all other elements that have not been removed in order to keep the same amount of enzyme 
(mol) inside the microreactor. Subsequently the alterations of the enzyme configuration inside the 
microreactor and its new concentration are inserted in the ANSYS CFX® script through 
MATLAB® and a CFD simulation is repeated to evaluate the performance of the new enzyme 
distribution. The procedure is repeated until the maximum product concentration is achieved, the 
concentration of the enzyme has reached the maximum possible value or the optimization 
converges. 
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4.3 Case	 study	 1	 –	 Topology	 optimization	 for	 a	 microreactor	 with	
immobilized	enzyme	on	the	wall	surface		
 
An interesting case for investigating the potential of topology optimization inside an enzymatic 
microreactor is considering that the biocatalyst is immobilized on the surface of the internal walls.  
This case study is a two-dimensional investigation of the topology optimization of immobilized 
enzyme at the inner walls of a microreactor. The considered design variable is the enzyme 
concentration on the surface which will be spatially distributed during the optimization procedure 
in order to maintain the total amount (mol) of enzyme on the surface constant. In this way, the 
method will be used to evaluate the improvement of product concentration at the outlet per same 
amount of enzyme by modifying the spatial distribution of the immobilized enzyme. 
The shape of the investigated microreactor is an extension of the two-dimensional shape 
presented by Okkels and Bruus118 into a three-dimensional design. The choice of this microreactor 
shape was made in order to find similarities between on the enzyme placement in this case study 
and the cells placement presented in Okkels and Bruus. Moreover, this microreactor shape 
presents variations of the velocity profile inside the microreactor which will influence the product 
formation. 
 
4.3.1 Materials and methods 
4.3.1.1 Microreactor geometry  
The view from the top of the microreactor shows that the microreactor consists of a parallelepiped 
measuring 30 mm of width and depth, combined with two channels for the inlet and outlet located 
at opposite sides of the square. The width of the inlet and outlet channels is 10 mm. The height of 
the microreactor corresponds to 0.25 mm. The microreactor shape is presented in Figure 4.2. The 
dimensions of this microreactor are much larger than the dimensions presented by Okkels and 
Bruus 118 who considered the following dimensions: 6 mm of width and 6 mm of depth. The large 
dimensions were defined in this investigation in order to guarantee that experimental validation 
would be possible. At very small microreactor dimensions the definition of immobilization areas 
would be much more complex to perform with an accurate precision.   
In this case study, the enzyme is immobilized at the top and bottom surfaces of the reactor. Since 
the flow profile is symmetric for the central vertical and central horizontal planes, symmetry 
boundaries were created at half of the height and through the middle of the inlet and outlet as 
presented in Figure 4.3. In this way only a quarter of the whole microreactor geometry is 
simulated which provides an acceleration of the computational solution. 
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Figure 4.2 – Microreactor configuration with all the dimensions. 
 
 
 
Figure 4.3 – Microreactor configuration: left – with indication of symmetry planes, right: quarter of the microreactor 
configuration, with all the symmetry planes defined, used in CFD simulations. View of the 128 immobilization 
elements   
 
The microreactor was simulated considering steady-state mode. The flowrate was defined 
according to the residence time and the volume of the microreactor (225 μL). The decision for the 
residence was made such that the residence time of a fluid element would be in average 15 s 
inside the reaction chamber. The choice for such a low residence time was based on the 
minimization of the effect of the walls on the velocity profile.  
The design of the microreactor was implemented in ANSYS CFX® and for this investigation the 
bottom surface of the simulated part of the microreactor was divided in small areas, in this case 
128 immobilization elements as shown in Figure 4.3. 
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The surface is divided in 128 small areas which were defined when the geometry was designed 
and the mesh was set up. The definition of the 128 small areas implied specifying an individual 
part in the geometry for each of them. In this case, a part in the geometry design corresponds to an 
area with a specific role in the simulation such as an inlet, outlet, wall or symmetry plane. In this 
case it was necessary to establish a part for each of the small areas because each of them 
influences the product formation differently. Therefore, for each of them it was necessary to 
establish the reaction rate and the concentration of the enzyme on the surface. 
This design was laborious since the same procedure for designing and setting up the properties in 
the small areas had to be repeated 128 times.   
The studied reaction rate in this investigation follows the mechanism of an enzyme, which is 
characterized by Michaelis-Menten mechanism. The Michaelis-Menten reaction equation is 
described by Equation (4.4): 
 
 
where ݇௖௔௧ is the turnover number, ܥா  the enzyme concentration, [S] the substrate concentration 
and ܭெ is the Michaelis-Menten constant. 
The considered reaction parameter values for this case study are summarized in Table 4.1: 
Table 4.1 – Summary of reaction parameters, ࢑ࢉࢇ࢚ and ࡷࡹ. 
Parameter Value 
࢑ࢉࢇ࢚ 100 s-1 
ࡷࡹ 25 mM 
 
The enzyme concentration on the surface was determined considering that the diameter of an 
enzyme molecule is 10 nm 136. From the area of a molecule (7.85·10-17 m2), the maximum 
concentration of enzyme that can be immobilized is 2.12·10-8 mol·m2. The substrate concentration 
at the inlet is 10 mM. Both substrate and product were considered to be fast diffusers and their 
diffusion coefficients were considered to be 1·10-9 m2·s-1. 
 
4.3.1.2 Topology optimization procedure 
The problem formulation of this two-dimensional topology optimization problem is given by: 
 
 Maximize ܬሺܥாሻ ൌ ሶ݉ ௉ ௢௨௧௟௘௧ ൌ ܳ ൈ ܥ௉തതത൫ܥா ሺݔ, ݕሻ൯௢௨௧௟௘௧ 
Subject to  ܥா ൑ ܥா௠௔௫ (4.5) 
 ݎ௉ ൌ െݎௌ ൌ ݇௖௔௧ ∙ ܥா
ሾܵሿ
ሾܵሿ ൅ ܭெ 
(4.4) 
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where ሶ݉ ௉	௢௨௧௟௘௧ is the product mass flowrate at the outlet, ܥ௉തതത௢௨௧௟௘௧ is the average product 
concentration at the outlet, ܥா  is the enzyme concentration and design variable which is 
dependent of the position in the microreactor, ܥா	௠௔௫ is the maximum enzyme concentration on 
the surface, ݔ, ݕ	 are the space coordinates and ܬ is the objective function. 
The optimization procedure followed the layout of the method presented in the previous section. 
The optimization cycle starts by distributing uniformly the enzyme at half of the maximum 
concentration on the top and bottom surfaces of the microreactor, 1.06·10-8 mol·m-2. The enzyme 
concentration of the different locations on the microreactor ([CE1… CE 128]) is defined by a vector 
in MATLAB®. The optimization loop starts by modifying the ANSYS CFX-Pre® script according 
to the defined enzyme concentration vector. Afterwards, a computational fluid dynamics 
simulation is carried out by ANSYS CFX® and the cost function is evaluated. The optimization 
technique starts by performing a sensitivity analysis of each immobilization element according to 
the procedure described in the previous section of this chapter. The removal of the elements is 
performed according to the results from the sensitivity analysis. As stated in the previous section, 
the optimization cycle is repeated until the maximum enzyme concentration is achieved or the 
optimization converges. 
4.3.2 Results and discussion 
The optimization cycle ended when the maximum enzyme concentration (2.12·10-8 mol·m2) was 
achieved. On the one hand, 2.92·10-2 mM of product was formed with the initial enzyme 
configuration, on the other hand 3.06·10-2 mM of product were formed with the final 
configuration. In the end, the topology optimization resulted in an improvement by 4.8% of the 
product formation per same amount (mol) of enzyme compared with the initial enzyme 
configuration. The reader should note that the amount of enzyme (mol) is the same inside the 
microreactor volume for both initial and final configurations. The concentration of the enzyme on 
the surface of the final configuration is twice more than in the initial configuration. However, the 
immobilization surface area is half in the final configuration than in the initial configuration and 
therefore the amount of enzyme (mol) is kept constant. A summary of the results is shown in 
Table 4.2. 
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Table 4.2 – Summary of results of two-dimensional topology optimization case study. 
Configuration Parameter Value 
Initial configuration 
Enzyme concentration 1.06·10-8 mol·m-2 
Product concentration 2.92·10-2 mol·m-3 
Final configuration 
Enzyme concentration 2.12·10-8 mol·m-2 
Product concentration 3.06·10-2 mol·m-3 
Improvement: 4.8% 
 
The enzyme distribution for the initial configuration and for the final configuration can be found 
in Figure 4.4. Moreover, an overview of the product formation for the initial and the final 
configurations can also be found in Figure 4.4. 
Initial configuration 
Enzyme Product 
   
   
Final configuration 
Enzyme Product 
   
Figure 4.4 – Summary of topology optimization results. Enzyme distribution and product formation for the initial and 
final configurations.  
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The optimized distribution of the enzyme is characterized by the immobilization of enzyme at the 
areas close to the wall. In the final configuration, the enzyme is mostly immobilized at specific 
streams in the high residence time region, i.e. the area close to the side walls. From these results, 
it is possible to conclude that areas of higher residence time streams play a role in the product 
formation. This demonstrates that immobilized enzyme molecules at locations of higher residence 
time contribute more to the product formation. In these areas, the flow velocity is lower and 
therefore, the contact between the substrate and the enzyme is longer which contributes for higher 
product formation.  
The final configuration of the enzyme distribution resembles the final configurations obtained by 
Okkels and Bruus 118 and Schäpper et al. 119. These configurations can be found in Chapter 2 in 
the literature review on topology optimization of microreactors. Similarly to the configurations 
presented in the scientific literature, the distribution of the enzyme is made at concentric lines 
which are wider close to the side walls and decrease in diameter towards the reaction chamber 
center.  
From the results of this optimization, it is possible to verify that areas situated in the corners of 
the reactor do not have a significant influence on the concentration of the product at the outlet. 
However, from the initial configuration it is possible to verify that high product concentration was 
present in the corner closer to the outlet. In fact, it seems that there is an accumulation of product 
in the corner close to the outlet due to convective mass transport limitations which are caused by 
the low flow velocity in those areas. Consequently, these elements do not contribute as much to 
the product at the outlet although the residence time of the compounds in these regions is high. 
This also shows that the analysis of the CFD results of a non-optimized configuration on its own 
does not give indications on the best way to immobilize the enzyme at the reactor surface. 
Furthermore, this also emphasizes the importance of topology optimization as a design tool for 
achieving process intensification of reactors. 
In this specific case the improvement of the microreactor was minimal and it would not be worth 
it to fabricate it for validation purposes. Nonetheless, this method offers academic value and with 
this example it could still be proven that the topology optimization method can be used for 
intensification of microreactors. 
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4.4 Case	study	2	–	Topology	optimization	for	a	microreactor	with	
immobilized	enzyme	in	a	packed	bed		
The microreactor in this investigation is considered to be a packed-bed reactor with immobilized 
enzyme on the surface of the packed bed. 
After presenting the solution for a case of two-dimensional topology optimization, the next step is 
the investigation for the possible optimization of product formation in a three-dimensional 
domain. Moreover, this study will allow evaluating the influence of the flow profile on the 
product formation in the whole volume of the microreactor.  
In this case study, the microreactor shape is different from the previous chosen case study A non-
symmetric shape was selected in order to obtain a variation of velocities inside the reaction 
chamber and evaluate its influence on the reaction yield. 
 
4.4.1 Materials and methods 
4.4.1.1 Microreactor geometry 
The shape of the studied microreactor is a square reaction chamber with an inlet and an outlet. 
The inlet is located in one of the corners of the reaction chamber. The outlet is located on the 
diagonally opposite corner of the inlet of the reaction chamber. The square reaction chamber is 5 
mm wide at each side and the height of the chamber is 1 mm. The width of the inlet and outlet is 
0.25 mm. The shape of the microreactor of this case study can be found in Figure 4.5. The choice 
of this reactor shape relied on the fact that this shape will create a non-uniform and asymmetric 
velocity profile with areas of high velocity (middle of the reactor) and areas of low velocity 
(corners and areas close to the walls). 
 
 
Figure 4.5 – Microreactor configuration with indication regarding dimensions. 
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Figure 4.6 – Velocity profile on the mid height plane of the reaction chamber for average residence time of 100 s 
(average flowrate 15 μL·min-1). 
 
The velocity profile of the microreactor under steady-state operation on a plane at mid height of 
the reactor chamber can be found in Figure 4.6. The microreactor was in this case simulated as a 
whole and therefore, symmetry planes were not implemented. 
In this case study the enzyme is immobilized on the surface of the packed bed reactor and it was 
assumed that the porosity of this packed bed reactor was 0.3. The porosity is defined by the ratio 
of void volume (fluid) and solid volume (packed bed) in the microreactor.  
Similar to the two-dimensional case study, the flow rate was defined according to the residence 
time and the volume of the reaction chamber. The choice of the residence time/flow rate was 
made in order to create a gradient in the momentum inside the microreactor. 
The studied reaction rate follows the same mechanism as the one used in the previous case study, 
i.e. Michaelis-Menten kinetics.  
The enzyme concentration on the surface is calculated considering that the diameter of an enzyme 
molecule is 10 nm. The packed bed was constituted by non-porous spheres of 100 μm, so the 
enzyme is only immobilized at the external surface of the spheres. From the area of a molecule 
(7.85·10-17 m2) and the specific area of one sphere (60000 m2·m-3), the maximum concentration of 
immobilized enzyme is calculated to be 1.27·10-3 mol·m3. Both substrate and product are 
considered to be diffusing fast and their diffusion coefficients are 1·10-9 m2·s-1. 
Two analyses are performed for this structure, Analysis 1 with a substrate concentration at the 
inlet of 10 mM and a residence time of 100 s and Analysis 2 with a substrate concentration at the 
inlet of 60 mM and a residence time of 1600 s. These settings will permit to analyze the 
distribution of enzyme as function of the reaction rate. In Analysis 2, the concentration of 
substrate is higher than the Michaelis-Menten constant 
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the size of the immobilization volumes, and thus the higher the number of center points is, the 
smaller the immobilization elements are. In the Matrix function the placement of the enzymes in 
the microreactor is established by the value 1 in case there is enzyme in the immobilization 
volume and by the value 0 in case there is no enzyme. In this way the Matrix function works as a 
discrete switch indicating the presence or absence of enzyme in the volume. This function is then 
afterwards multiplied by the enzyme concentration which in turn takes part in the reaction rate 
equation (4.4). 
For demonstration purpose a microchannel with a squared cross section (5 mm width, 5 mm depth 
and 1 mm height) is considered. The inlet and outlet are at each end of the channel and have the 
same dimensions as the cross section of the microchannel. The microchannel is divided into 9 
immobilization volumes; these volumes are distributed in the following manner 3 in the ݔ 
direction, 3 in the ݖ direction and 1 in the ݕ direction. In Figure 4.8, three representations of the 
product formation in the same microreactor are presented considering different enzyme 
immobilization patterns. 
 
ܯܽݐݎ݅ݔ	݂ݑ݊ܿݐ݅݋݊ ൌ
ൌ
0.833 2.5 4.167
0.833 0.833 0.833
0.5 0.5 0.51						 		1			 						1
				
0.833 2.5 4.167
2.5 2.5 2.5
0.5 0.5 0.5				1						 1						 1
				
0.833 2.5 4.167
4.167 4.167 4.167
0.5 0.5 0.5				1					 			1				 					1
 
ܯܽݐݎ݅ݔ	݂ݑ݊ܿݐ݅݋݊ ൌ
ൌ
0.833 2.5 4.167
0.833 0.833 0.833
0.5 0.5 0.50						 			0	 							0
				
0.833 2.5 4.167
2.5 2.5 2.5
0.5 0.5 0.5				0						 1						 0
				
0.833 2.5 4.167
4.167 4.167 4.167
0.5 0.5 0.5				0					 			0	 							0
 
ܯܽݐݎ݅ݔ	݂ݑ݊ܿݐ݅݋݊ ൌ
ൌ
0.833 2.5 4.167
0.833 0.833 0.833
0.5 0.5 0.50						 		0			 						0
				
0.833 2.5 4.167
2.5 2.5 2.5
0.5 0.5 0.5				0						 0						 0
				
0.833 2.5 4.167
4.167 4.167 4.167
0.5 0.5 0.5				0				 				0				 					0
 
Figure 4.8 – Three configurations of immobilized enzyme in the microreactor with respective setup Matrix functions. 
Top figure: enzyme immobilized on all immobilization volumes, middle figure: microchannel with immobilized 
enzyme only on the middle immobilization volume (element 5) and bottom figure: no enzyme immobilized on the 
immobilization volumes. 
 
  
 98 
 
The top figure corresponds to the product formation considering that enzyme is well-distributed in 
all immobilization volumes. The middle figure corresponds to the product formation in case there 
is only enzyme immobilized in the volume at the center of the microreactor. The bottom figure 
corresponds to the extreme situation where no enzyme is immobilized in any of the volumes. The 
Matrix function corresponding to each case is presented on the right side of the respective figure. 
The first three rows of the matrix are the coordinates (in mm) of the center of the immobilization 
elements and the fourth row corresponds to the discrete placement of enzyme which is defined by 
either the value 1 or 0. 
The definition of the number of immobilization volumes, their placement and the definition of the 
coordinates of the immobilization volumes center are established in MATLAB® which transfers 
these data into the ANSYS CFX-Pre® script. 
In this case study the microreactor volume was divided into 196 immobilization volumes, which 
were placed according to the following distribution: 7 volumes in the ݔ direction, 7 volumes in 
the ݖ direction and 4 volumes in the ݕ direction. 
The optimization procedure followed the layout of the method presented in the first section of this 
chapter – 4.1 Topology Optimization Method. The optimization cycle starts with a uniform 
enzyme distribution at half of the maximum concentration at the packed bed surface, 6.34·10-4 
mol·m-2. Afterwards, the ANSYS CFX-Pre® script is changed according to the defined Matrix 
function, a computational fluid dynamic simulation is carried out by ANSYS CFX® and the cost 
function is evaluated. The optimization routine starts by performing a sensitivity analysis for each 
immobilization element and the decision of the removal of elements is made. Afterwards, the 
update for the locations of immobilized enzyme is made and the distribution of the removed 
enzyme over all the other elements is performed by MATLAB®. The CFD script files are updated 
and the new configuration is evaluated by ANSYS CFX®. The optimization cycle is repeated until 
the maximum enzyme concentration is achieved or the optimization converges. 
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4.4.2 Results and discussion 
The topology optimization routine for the Analysis 1 (10 mM substrate at inlet) finished when the 
maximum enzyme concentration was achieved. The initial enzyme configuration in the 
microreactor resulted in the formation of 1.40 mM of product and the final enzyme configuration 
in the microreactor resulted in the formation of 1.57 mM of product. In the end the topology 
optimization resulted in an improvement of 12% of the amount of product at the outlet of the 
reactor per same amount (mol) of enzyme by modifying solely the spatial distribution of enzyme 
in the microreactor. Table 4.3 comprises a summary of these results. 
 
Table 4.3 – Summary of results of three-dimensional topology optimization of Analysis 1: enzyme and product 
concentration at the outlet for the initial and final configurations. 
Configuration Parameter Value 
Initial configuration 
Enzyme concentration 6.34·10-4 mol·m-3 
Product concentration 1.40 mol·m-3 
Final configuration 
Enzyme concentration 1.27·10-3 mol·m-3 
Product concentration 1.57 mol·m-3 
Improvement: 12% 
 
The distribution of the enzyme for the initial and final configurations is presented in Figure 4.9 
with the respective concentrations. Each point of the enzyme distribution representation 
corresponds to the position of the center of the immobilization volume.  
An overview of the product formation for both initial and final enzyme distribution is presented in 
Figure 4.9. Analyzing the overview of the product formation in the initial configuration, it is 
possible to verify that the highest product concentration is observed in the corners of the reaction 
chamber. This fact suggests that the product formation occurs essentially in volumes of higher 
residence time, due to the lower flow velocity in these parts of the reactor which promotes the 
product formation. However, the results of topology optimization showed that the production in 
the corner of the reactor opposite to the inlet does not contribute significantly to the product 
concentration at the outlet; it was more the result of product accumulation and poor mixing.  
Moreover, the overview also indicates that the low residence time streams across the middle of 
the reaction chamber do not contribute that much either to the production formation. Therefore, 
the outcome of the topology optimization shows that the enzyme should be rather placed in the 
corner in front of the outlet. 
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Initial configuration 
Enzyme Product 
 
  
   
Final configuration 
Enzyme Product 
 
 
Figure 4.9 – Summary of topology optimization results for Analysis 1. Enzyme distribution and product formation 
for the initial and final configurations. 
 
Moreover, the overview also indicates that the low residence time streams across the middle of 
the reaction chamber do not contribute that much either to the production formation. Therefore, 
the outcome of the topology optimization shows that the enzyme should be rather placed in the 
corner in front of the outlet. 
The topology optimization routine for the Analysis 2 (60 mM substrate inlet) has finished when 
the maximum concentration of enzyme (1.27·10-3 mM) was achieved. The initial enzyme 
configuration in the microreactor resulted in the formation of 36.5 mM of product and the final 
enzyme configuration in the microreactor resulted in the formation of 39.2 mM. In the end the 
topology optimization resulted in an improvement of 7% in terms of the product concentration at 
the outlet by keeping the amount of enzyme constant. This can be achieved by modifying solely 
the distribution of the placement of the enzyme in the microreactor. These results are summarized 
in Table 4.4. 
The improvement in the case with high substrate concentration was lower compared with the case 
with lower substrate at the inlet. A possible explanation for this is the lower flow rate that was 
used in this second case, relative to Analysis 1.  
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Table 4.4 – Summary of results of three-dimensional topology optimization of Analysis 2: enzyme and product 
concentration at the outlet for the initial and final configurations. 
Configuration Parameter Value 
Initial configuration 
Enzyme concentration 6.34·10-4 mM 
Product concentration 36.5 mM 
Final configuration 
Enzyme concentration 1.27·10-3 mM 
Product concentration 39.2 mM 
Improvement: 7.1% 
 
Initial configuration 
Enzyme Product 
 
 
 
   
Final configuration 
Enzyme Product 
 
 
Figure 4.10 – Summary of topology optimization results for Analysis 2. Enzyme distribution and product formation for 
the initial and final configurations.  
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In this analysis, the velocity gradients inside the microreactor are lower due to the low flow rate. 
This has as consequence that the difference in the residence times between the streams is small. 
Therefore, the contact time of the enzyme and substrate is similar within streams and there is not 
much difference in the influence on product formation between the streams. 
From the detailed view of the product formation in Figure 4.10, it also seems that the production 
is higher in the corners of the reaction chamber, but also that the product concentration is higher 
towards the chamber center compared with the case of Analysis 1.  
According to the results of the topology optimization it seems that the enzyme should be 
preferably placed in the center of the reaction chamber. Moreover, it seems that the areas closer to 
the top and the bottom surfaces of the reactor chamber together with the corner in front of the 
inlet are the locations which contribute the least to the product concentration at the outlet. 
 
 
Figure 4.11 – Velocity profile and substrate concentration for the initial configuration at the plane y=0.5 mm. Top 
to the left: velocity profile; Top to the right: velocity in one line specified on the plane (Line 1: x=0.5 mm, y=0.5 
mm, z between 0 and 5 mm); Bottom to the left: substrate concentration profile; Bottom to the right: substrate 
concentration for Line 1. 
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In this case, the low residence time streams seem to contribute more favorably to the product 
formation. The substrate mass transfer limitations seem to influence the placement of the enzyme 
at the low residence time volumes.  
The concentration and the velocity profiles of the initial configuration in a plane at 0.5 mm height 
are presented respectively on the top left and bottom left figures in Figure 4.11.  
Using ANSYS CFX-Post®, a line was traced along this streamline towards the outlet as presented 
in Figure 4.11. The Line 1 is located at the intersection of the height plane at 0.5 mm and the 
depth plane at 0.5 mm. The top right and bottom right figures correspond to the velocity and local 
reaction rate variations, respectively, along the microreactor width on Line 1. The local reaction 
rate was calculated from the local substrate concentration, the enzyme concentration and the 
kinetic parameters. 
Analysing these figures it is possible to verify that for the high residence time volumes (z = 5 
mm) a considerable part of the substrate is converted due to the combination of the fast reaction 
rate and low flow rate. Therefore, due to mass transfer limitations the concentration of substrate in 
these areas will be low, and consequently the local reaction rate will be slow and will not 
contribute considerably to the product formation. In contrast, at low residence time volumes (e. g. 
z=0 in Line 1) the substrate concentration is large and therefore the local reaction rate is high and 
consequently contributes greatly to the product formation.  
 
4.5 Concluding	remarks	
In this chapter, a new setup of the topology optimization method is applied to microreactors using 
an adaptation of the Evolutionary Structural Optimization method. This method considers the 
design variable as the concentration of enzyme instead of the carrier porosity as presented by 
Okkels and Bruus and Schäpper et al.. The definition of enzyme concentration as the design 
variable offers the possibility to establish more realistic problems which can be tested in the 
laboratory whereas the cases reported in the literature resulted in structures which cannot be 
fabricated. Moreover, in this method, the flow profile is maintained constant which allows 
gathering the information regarding the influence of the flow profile on the product formation. 
This aspect will be further investigated and commented in Chapter 5 in the experimental 
validation of the topology optimization results. 
This topology optimization procedure is an adaptation of the Evolutionary Structural 
Optimization (ESO) method established by Xie and Steven in 1993. The ESO method was 
modified such that when an element is eliminated the enzyme amount would be the same. 
Otherwise, the elimination of unneeded elements would also result in a removal of enzyme and 
therewith would reduce the product formation. Thus, upon the removal of elements, the enzyme 
of those elements is redistributed to those elements which still contain immobilized enzyme. 
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Comparing the implementation of the topology method with the application of the shape 
optimization method, the latter was easier to implement due to the simplicity of the gradient-free 
method. Nonetheless, the gradient-based method applied to topology optimization allowed faster 
achievement of results. Moreover, the topology optimization method did not need the 
modification of the reactor geometry and adaptation of the mesh. This fact is one of the great 
advantages of the topology optimization techniques and one of the reasons for the greater focus 
on topology optimization techniques among the structural optimization experts.  
In this chapter, topology optimization was implemented for a two-dimensional case study and for 
a three-dimensional case study. Furthermore, the three-dimensional case study included two 
analyses of the same microreactor shape. In the first analysis, the substrate concentration at the 
inlet (10 mM) was considered to be lower than the Michaelis-Menten constant (25 mM) and the 
average residence time would be 100 s. In the second analysis, the substrate concentration at the 
inlet (60 mM) was considered to be higher than the Michaelis-Menten constant (25 mM) and the 
average residence time would be 1600 s. 
The results for the two-dimensional study demonstrated that the more important elements in the 
systems are in the areas of high residence time streams in the microreactor. However, not all 
elements positioned at high residence time regions are equally important. The corners of the 
reaction chamber did not influence the product concentration at the outlet although the initial 
configuration suggested that they were important areas due to the product accumulation.  
From the three-dimensional implementation it was possible to conclude that the ideal placement 
of the enzyme also depends on the reaction conditions such as high or low reaction rate and on 
flow conditions which might contribute to mass transfer limitations in the microreactor as could 
be seen in the Analysis 2. 
The first analysis showed that the product formation overview it is not always possible to deduce 
the best placement of the enzyme in the reactor. In the initial configuration the corner opposite to 
the inlet demonstrated to be contributing to the product formation. However, in the final 
configuration this area was in fact inefficient since the product formation was not contributing to 
the concentration of product leaving the reactor. 
The second analysis showed that the high residence time streams are not always the streams 
which influence the product formation. In this investigation, due to mass transfer limitations the 
enzyme should be placed in the areas with low residence time flow streams. 
The results of the three-dimensional topology optimization analyses indicated to yield a higher 
improvement of the product formation than the two-dimensional topology optimization. From 
these results it is possible to conclude that the velocity profile and the effect of the walls play an 
important role in the improvement of the production. Therefore, it is important to consider this 
aspect when setting up a topology optimization problem. 
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The interaction between the reaction rate, the locally different residence times, the flow profile 
and the local substrate concentrations has a complex influence on the product formation. Thus, it 
is difficult to decide by simply looking at simulation results, where the best regions to place the 
enzyme are in the system. The optimization method was able to improve for all three case studies 
the product formation although each case needed a different immobilization configuration. 
In Chapter 5, the experimental validation approach of the topology optimization will be presented. 
The experimental investigations will be presented for both a two-dimensional and a three-
dimensional case study. The fabrication of the packed bed reactor and the placement of the 
particles with immobilized enzyme might be rather complex to implement and is therefore not 
further pursued. Further investigations will be performed in order to validate a topology 
optimization for a simpler case study in three dimensions. 
From the implementation of the topology optimization into the above case studies it was possible 
to verify that the configuration of the enzyme inside plays an important role on the product yield. 
The evolution of the initial configuration to the final configuration showed the different 
bottlenecks of the initial configurations and the ideal areas in the microreactor to place the 
enzyme. In this way, it is possible to verify that topology optimization is a useful tool for 
intensification in microreactors. The method can serve as a tool which can be applied to design or 
retrofit existing reactors. The design is adapted according to the reaction and flow conditions 
instead of adapting a well-known design to the reaction system. 
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5 Intensified	microreactors	–	comparison	of	
simulation	and	experimental	results
 
5.1 Introduction	
In Chapter 4, the topology optimization of microreactors has only been shown through 
computational fluid dynamic simulations. Although the computational topology optimization can 
be very helpful to find better performing reactors, only the experimental validation can really 
provide proof that this method can in fact have practical value when applied to seek for 
intensification of reactors. 
The purpose of this chapter is to perform an experimental study on the influence of topology in 
microreactors on the performance. This investigation is performed through two case studies: first 
an investigation of the microreactor with immobilized enzyme on the wall surface presented in 
Chapter 4, second the analysis of a topology optimized square shaped cross-section channel with 
free enzyme in the solution. The first case study is more an investigation with academic value and 
serves for validation of the topology optimization method. The second case study focuses on how 
to use an existing microreactor platform and how to intensify the operation with the help of 
topology optimization. 
This chapter is divided in three sections which give an overview of all the necessary steps that 
were taken in order to perform the computational fluid dynamic optimization and the 
experimental validation of the intensified microreactors. The first section is a characterization of 
the chosen reaction system, the oxidation of 2,2'-Azino-bis(3-Ethylbenzthiazoline-6-Sulfonic 
Chapter 5 
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Acid) (ABTS) to its radical form catalyzed by a peroxidase enzyme. In this section the kinetic 
parameters ௠ܸ௔௫, ܭெ and ݇௖௔௧ will be determined experimentally.  
The following two sections present respectively the two case studies. Each case study description 
includes the presentation of the CFD setup with the implemented kinetic mechanism and the 
results of the topology optimization using simulations of the system. Moreover each case study 
includes also the experimental investigation for verification of the microreactor topology 
optimization results. 
5.2 Characterization	of	the	reaction	system	
As mentioned above the chosen reaction to validate the CFD topology optimization results is the 
reduction of hydrogen peroxide by oxidation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic 
acid) (ABTS) to its radical form catalyzed by horseradish peroxidase (E.C. 1.11.1.7). The radical 
form of ABTS presents a green color in solution and absorbs at a wavelength of 414 nm. The 
molar absorption coefficient for the radical form of ABTS at the wavelength 414 nm is reported in 
the scientific literature and corresponds to the value 31100 M-1 cm-1 137.  
The reaction system is presented in Figure 5.1: 
 
 
Figure 5.1 – Reaction system: peroxidase-catalyzed reduction of hydrogen peroxide by oxidation of 2,2’-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) (ABTS) 
 
Enzymes are known to follow a Michaelis-Menten kinetic mechanism which represents the 
conversion of one substrate catalyzed by an enzyme. This reaction mechanism is given by: 
 
 ݒ ൌ ݀ሾܲሿ݀ݐ ൌ െ
݀ሾܵሿ
݀ݐ ൌ ௠ܸ௔௫
ሾܵሿ
ሾܵሿ ൅ ܭெ ൌ ݇௖௔௧ሾܧሿ
ሾܵሿ
ሾܵሿ ൅ ܭெ (5.1)  
 
where ሾܲሿ is the product concentration, ሾܵሿ is the substrate concentration, ௠ܸ௔௫ corresponds to the 
maximum reaction rate, ܭெ is the Michaelis-Menten constant which corresponds to the 
concentration at which the reaction rate is half of ௠ܸ௔௫, ሾܧሿ is the enzyme concentration and ݇௖௔௧ 
is the turnover number. Although, this mechanism is very well-known, there are only few 
reactions that follow it. Enzymatic reactions with two or more substrates do not follow the 
Michaelis-Menten mechanism.  
1/2 
horseradish peroxidase 
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According to the scientific literature, horseradish peroxidase follows the ping pong bi bi kinetic 
mechanism 138–140. Thus, a reaction rate equation for the ping pong bi bi kinetic mechanism for the 
oxidation of ABTS catalyzed by horseradish peroxidase is given by: 
 
 ݒ ൌ ݇௖௔௧ሾܧሿ
ሾܪଶܱଶሿሾܣܤܶܵሿ
ܭெுమைమሾܣܤܶܵሿ ൅ ܭெ஺஻்ௌሾܪଶܱଶሿ ൅ ሾܪଶܱଶሿሾܣܤܶܵሿ
 (5.2)  
 
The relation between the reaction rate of an enzymatic reaction with two substrates (A and B) 
which follows the ping pong bi bi mechanism and the substrate concentrations is presented in 
Figure 5.2. 
 
 
Figure 5.2 – Enzymatic reaction rate calculated according to the ping pong bi bi mechanism for different 
concentrations of the substrates ࡭ and ࡮. 
From Figure 5.2 it is possible to verify that when the concentration of B is constant the reaction 
follows the Michaelis-Menten mechanism: 
 ݒ ൌ ௠ܸ௔௫,௔௣௣ ሾܣሿܭெ,௔௣௣ ൅ ሾܣሿ 
(5.3) 
 
So, if the concentration of H2O2 is maintained constant, the Equation (5.1) becomes: 
 ݒ ൌ V୫ୟ୶,ୟ୮୮୅୆୘ୗ ሾܣܤܶܵሿܭெ,௔௣௣஺஻்ௌ ൅ ሾܣܤܶܵሿ 
(5.4) 
 
where V୫ୟ୶,ୟ୮୮୅୆୘ୗ ൌ ௏೘ೌೣሾுమைమሿሾுమைమሿା௄ಾಹమೀమ and ܭெ,௔௣௣
஺஻்ௌ ൌ ௄ಾಲಳ೅ೄሾுమைమሿሾுమைమሿା௄ಾಹమೀమ 
 
In this study, it was decided to use a high hydrogen peroxide concentration in all experiments in 
order to keep the concentration constant. In this way, it is possible to simplify the reaction model 
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to the Michaelis-Menten model and to determine the apparent values of the maximum reaction 
rate ( ௠ܸ௔௫,௔௣௣ሻ and the apparent Michaelis-Menten constant (ܭெ,௔௣௣) for ABTS. 
The simplified reaction model is adopted for the experimental study and therefore, the initial 
hydrogen peroxide concentration was 100 mM for all experiments. The kinetic parameters ܭெ,௔௣௣஺஻்ௌ  
and ௠ܸ௔௫,௔௣௣஺஻்ௌ will first be determined through the Hanes-Woolf method. Since the concentration of 
enzyme is used as design variable in the topology optimization, the ௠ܸ௔௫,௔௣௣஺஻்ௌ value cannot be used 
and it is necessary to calculate the apparent turnover number, kୡୟ୲,ୟ୮୮୅୆୘ୗ . The apparent turnover 
number is determined through the linear relation between the ௠ܸ௔௫ values and the enzyme 
concentration.  
The initial reaction rate is the parameter that is necessary for calculating the kinetic parameters 
and the enzyme activity. The initial reaction rate is determined from the slope of the linear 
relation between product concentration and time. The experimental protocol for the determination 
of the activity and kinetic parameters was based on the peroxidase assay with ABTS described by 
Sigma Aldrich 141.  
The substrate solutions were pipetted into a microwell plate (Nunc MicroWell™ 96 well 
polystyrene plate, flat bottom [product number 260210], purchased at Thermo Scientific). The 
enzyme solution was introduced into the microwell by a syringe pump of the microtiter plate 
reader (POLARstar, Omega series from BMG LABTECH) just before starting the measurement. 
The microwell plate reader monitored the absorbance of the product over time at a wavelength 
414 nm. 
The activity of the enzyme was calculated by defining the conditions identical to one of the assays 
used for finding the kinetic parameters. The calculation of ܭெ,௔௣௣஺஻்ௌ  and ௠ܸ௔௫,௔௣௣஺஻்ௌ  through the 
Hanes-Woolf method requires the determination of the initial reaction rate for several substrate 
concentrations, and here the substrate concentration was varied in a range between 0.06 and 10 
mM.  
The kୡୟ୲,ୟ୮୮୅୆୘ୗ  value was determined through the calculation of the initial reaction rate for several 
enzyme concentrations for a substrate concentration in the saturated range (12 mM). In the 
saturated range the reaction rate is equal to the maximum reaction rate, ௠ܸ௔௫,௔௣௣஺஻்ௌ . The substrate 
concentration was chosen according to the determined Michaelis-Menten constant, which was 
obtained from the previous experiment. This aspect will be further explained. The enzyme 
concentrations varied between 0.004 and 0.031 mg/mL.  
The detailed protocols for the determination of the activity and the kinetic parameters can be 
found in Appendix B. 
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5.2.1 Determination of activity 
The activity of the enzyme is defined for 1 mM ABTS and 100 mM H2O2, pH 5, 25°C. At these 
conditions there was one assay performed during the saturation experiments. The calculated initial 
reaction rate in absorbance units per second is 0.007±0.0004 ΔA/s. The calculations of the activity 
are presented afterwards. The data collected from the spectrophotometric measurements over time 
are presented in Appendix C.  
The change of absorption with respect to time through the Lambert-Beer law is given by: 
 ݀ܣ
݀ݐ ൌ
݀ܥ
݀ݐ ߝ ݈ (5.5)
ܣ – Absorbance 
ܥ – concentration 
ߝ – molar absorption coefficient = 31100 M-1 cm-1  
݈ – length of the light path = 1 cm 
Calculation of the concentration: 
∆ܥ
∆ݐ 	ൌ
∆ܣ
∆ݐ	݈	ߝ ൌ
0.0070ݏିଵ ൈ ቚ 60	ݏ1	݉݅݊ቚ ൈ ฬ
10଺	ߤ݉݋݈
1	݉݋݈ ฬ
31100	 dmଷ݉݋݈ 	ൈ cmିଵ ൈ 1	cm	
ൌ 		13.57	μ݉݋݈	ܣܤܶܵ/ሺ݀݉ଷ.min	ሻ 
 
Calculation of the number of moles: 
ܰݑܾ݉݁ݎ	݋݂	݉݋݈݁ݏ	 ൌ 	13.57	ߤ݉݋݈/ሺ݀݉ଷ.min	ሻ ൈ 0.0002	݀݉ଷ ൌ 0.0027	ߤ݉݋݈	ܣܤܶܵ/min	 
The associated standard deviation is: 
ߪ	 ൌ
0.0004	ݏିଵ ൈ 0.0002	݀݉ଷ ൈ ቚ 60	ݏ1	݉݅݊ቚ ൈ ฬ
10଺	ߤ݉݋݈
1	݉݋݈ ฬ
31100	 dmଷ݉݋݈ 	ൈ cmିଵ ൈ 1	cm	
ൌ 		0.000150	μ݉݋݈	ܣܤܶܵ/݉݅݊	
The enzyme activity is expressed in units (U). One U of activity is the necessary enzyme amount 
to catalyse the conversion of 1 μmol substrate per minute. At the conditions for which the 
activity is defined, the enzyme activity of peroxidase is 0.0027±0.0002 U. 
The enzyme activity concentration can be determined from the weighed mass of the enzyme 
preparation. In this case, 2 mg of the enzyme preparation were diluted in a 10 mL volumetric 
flask for preparing the stock solution. 510 μL of the stock solution were diluted in a 25 mL 
volumetric flask. Thereafter, 10 μL of the diluted solution were used in the activity assay. 
 
So the volume of enzyme stock solution in the assay is: 
ݒ݋݈ݑ݉݁	݋݂	ݏݐ݋ܿ݇	ݏ݋݈ݑݐ݅݋݊ ൌ 510ߤܮ	ݏݐ݋ܿ݇	ݏ݋݈ݑݐ݅݋݊ ൈ 10ߤܮ	݈݀݅ݑݐ݁݀	ݏ݋݈ݑݐ݅݋݊25000ߤܮ	݈݀݅ݑݐ݁݀	ݏ݋݈ݑݐ݅݋݊ ൌ 0.2	ߤܮ	ݏݐ݋ܿ݇	ݏ݋݈ݑݐ݅݋݊ 
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The enzyme activity concentration per mL is: 
ܧ݊ݖݕ݉݁	ܽܿݐ݅ݒ݅ݐݕ	ܿ݋݊ܿ݁݊ݐݎܽݐ݅݋݊ ൌ 	2.7 ∙ 10
ିଷ	ܷ
0.2	ߤ݈ ൈ ฬ
1000ߤ݈
1݈݉ ฬ ൌ 13.3	ܷ/݉ܮ 
The standard deviation associated is: 
ߪ ൌ 1.5 ∙ 10
ିସ	ܷ
0.2	ߤ݈ ൈ ฬ
1000ߤ݈
1݈݉ ฬ ൌ 0.74	ܷ/݉ܮ 
The enzyme activity concentration per mL is 13.3±0.7 U/mL.  
 
The amount of protein in 0.2 μL of the stock solution is: 
0.2	ߤܮ ൈ 2	݉݃
10000ߤܮ ൌ 4.08 ∙ 10
ିହ	݉݃	݌ݎ݋ݐ݁݅݊ 
 
Thus, the specific enzyme activity is: 
ܵ݌݂݁ܿ݅݅ܿ	݁݊ݖݕ݉݁	ܽܿݐ݅ݒ݅ݐݕ ൌ 	 2.7 ∙ 10
ିଷ	ܷ
4.08 ∙ 10ିହ݉݃ ൌ 66.2
ܷ
݉݃ ݌ݎ݋ݐ݁݅݊ 
 
The associated standard deviation is: 
ߪ ൌ 1.3 ∙ 10
ିସ	ܷ
4.08 ∙ 10ିହ	ߤܮ ൌ 3.18
ܷ
݉݃ ݌ݎ݋ݐ݁݅݊ 
The specific enzyme activity is 66±3 U/mg protein.  
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5.2.2 Determination of ࡷࡹ,ࢇ࢖࢖࡭࡮ࢀࡿ  and  ࢂ࢓ࢇ࢞,ࢇ࢖࢖࡭࡮ࢀࡿ  for the saturation of ABTS at 100 mM 
H2O2 
The determination of the parameters ܭெ,௔௣௣஺஻்ௌ  and  ௠ܸ௔௫,௔௣௣஺஻்ௌ  is done through a Hanes-Woolf plot for 
the initial reaction rates obtained by the spectrophotometric assays at different ABTS 
concentrations and at 100 mM H2O2. The Hanes-Woolf plot is a graphical method for 
representation of enzyme kinetics. This method relates linearly the ratio of the initial substrate 
concentration, [S], to the reaction velocity, ݒ and the substrate concentration by means of the 
following expression: 
 
 ሾܵሿ
ݒ ൌ
ሾܵሿ
௠ܸ௔௫
൅ ܭெ
௠ܸ௔௫
 (5.6)
 
 
The initial rate, in units of mM/min, was calculated using the correlation between the 
concentration and the absorbance variation given by the Lambert-Beer law (Equation (5.5)). The 
procedure is similar to the procedure presented for the calculation of enzyme activity. 
As an example, the conversion from absorbance to concentration units for the concentration of 1 
mM of ABTS is presented below: 
∆ܥ
∆ݐ 	ൌ
∆ܣ
∆ݐ	݈	ߝ ൌ
0.0070	ݏିଵ ൈ ฬ10ଷ	݉݉݋݈1	݉݋݈ ฬ ൈ 60ݏ
31100	 dmଷ݉݋݈ 		 ൈ cm
ିଵ ൈ 1	cm ൈ 1	݉݅݊
ൌ 		0.0136	݉݉݋݈/ሺ݀݉ଷ.minሻ 
The procedure of the calculations was the same for all the other concentrations. The results are 
presented in Table 5.1  
Table 5.1 - Data for determination the ࡷࡹ,ࢇ࢖࢖࡭࡮ࢀࡿ  and  ࢂ࢓ࢇ࢞,ࢇ࢖࢖࡭࡮ࢀࡿ . 
[ABTS] 
Initial 
reaction 
rate 
Standard 
deviation 
Σ 
Initial 
reaction 
rate 
Standard 
deviation 
σ 
[ABTS]/v 
mM ΔA/s ΔA/s mM/min mM/min min-1 
0.06 0.0014 0.0002 0.0026 0.0003 23.03 
0.1 0.0023 0.0001 0.0044 0.0002 22.89 
0.2 0.0035 0.0002 0.0067 0.0003 29.78 
0.6 0.0058 0.0002 0.0112 0.0003 53.67 
1 0.0070 0.0004 0.0136 0.0006 73.70 
2 0.0084 0.0007 0.0162 0.0011 123.58 
6 0.0117 0.0009 0.0226 0.0014 264.91 
10 0.0129 0.0006 0.0248 0.0010 402.61 
 
 
 114 
 
The determination of the kinetic parameters was done by using the method of Hanes-Woolf. The 
Hanes-Woolf plot is presented in Figure 5.3. 
 
 
Figure 5.3 – Hanes-Woolf plot for determination of ABTS kinetic parameters. 
 
The  ௠ܸ௔௫஺஻்ௌ was determined from the slope of the linear regression and the ܭெ஺஻்ௌwas determined 
by the multiplication of the intercept value and the ௠ܸ௔௫஺஻்ௌ.  The values for the kinetic parameters 
ܭெ஺஻்ௌ and ௠ܸ௔௫஺஻்ௌ are presented in Table 5.2. 
   
Table 5.2 – Kinetic parameters   ࡷࡹ,ࢇ࢖࢖࡭࡮ࢀࡿ  and  ࢂ࢓ࢇ࢞,ࢇ࢖࢖࡭࡮ࢀࡿ  determined from the Hanes plot.  
Hanes-Woolf plot data Kinetic parameters 
Slope 38.18 ௠ܸ௔௫஺஻்ௌ 0.026 mM/min 
Intercept 29.01 ܭெ஺஻்ௌ 0.760 mM 
 
5.2.3 Determination of the kinetic parameter ࢑ࢉࢇ࢚,ࢇ࢖࢖࡭࡮ࢀࡿ  
The kinetic parameter kୡୟ୲୅୆୘ୗ corresponds to the turnover number and is defined as the number of 
molecules converted per second by one enzyme molecule under substrate saturation conditions. 
The determination of this parameter can be done by calculating the initial reaction rate for 
substrate concentrations in the saturated range. The saturated range corresponds to the substrate 
concentrations for which the reaction rate is constant and equal to the maximum reaction rate, 
V୫ୟ୶. The maximum reaction velocity is reached when all the enzyme sites are saturated with 
substrate. This phenomenon occurs when the concentration of substrate is much higher than the 
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Michaelis-Menten constant, K୑, ሾSሿ ≫ K୑, so that ሾୗሿሾୗሿା୏౉ approaches the value 1. Therefore, the 
Michaelis-Menten kinetic expression given by Equation (5.4) is reduced to: 
 v ൌ dPdt ൌ V୫ୟ୶,ୟ୮୮
୅୆୘ୗ ൌ kୡୟ୲,ୟ୮୮୅୆୘ୗ ሾEሿ଴ (5.7) 
The turnover number was determined by keeping the initial substrate concentration constant at 12 
mM and measuring the oxidation of ABTS in the presence of an excess of H2O2 (100 mM) with 
different concentrations of enzyme. The concentration of ABTS was chosen such as to guarantee 
that the reaction occurs at maximum reaction rate. When the concentration of ABTS is 12 mM the 
reaction rate corresponds to 94% of the maximum reaction rate and we considered that it is a 
value close to the maximum reaction rate. This value is calculated through the ratio ሾୗሿሾୗሿା୏౉  and 
considering the determined value for the Michaelis-Menten, 0.76 mM. The maximum reaction 
rate varies, according to Equation (5.7), proportionally to the concentration of enzyme. Thus, it is 
possible to determine kୡୟ୲୅୆୘ୗ by the slope of the Equation (5.7). Therefore, in this case enzyme 
solutions of different enzyme concentrations (U/mL) were used to perform these experiments.  
Two mg were diluted in a 10 mL volumetric flask which corresponds to a concentration of 0.2 
mg/ml. This solution was then diluted in order to obtain enzyme solutions with different 
concentrations. The enzyme concentration in molar units was calculated from the molecular 
weight. The molecular weight has been documented on the Sigma Aldrich website 142  as 44 kDa, 
which corresponds to 44000 g/mol. 
However, the lyophilised enzyme preparation used in the experiments is not pure and only a 
percentage of its mass corresponds to pure enzyme. In this investigation, it is therefore necessary 
to calculate the concentration of enzyme in mol/L units in order to insert the data in the CFD 
simulations. We know, from personal communications with experts in the field, that the enzyme 
preparation is never 100% pure. Therefore, an assumption was made here and it was considered 
that 15% of the mass of the lyophilized protein preparation corresponds to enzyme molecules. 
Therefore, the final concentration of peroxidase solution was adjusted to 15% of the mass of the 
initial protein solution and the final peroxidase concentrations in the microwell in mmol/mL are 
presented in Table 5.3. 
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Table 5.3 - Summary of the concentrations of peroxidase solutions used for determining the value of  ݇௖௔௧஺஻்ௌ. 
Final concentration of 
protein in microwell 
plate (mg/mL) 
Final concentration of 
peroxidase (15% of protein 
mass)  in microwell plate 
(mmol/mL) 
0.031 5.2.10-9 
0.020 3.5.10-9 
0.010 1.7.10-9 
0.004 6.9.10-10 
 
The determined values of absorbance over time for each enzyme solution together with the 
evaluation of the blanks can be found in Appendix C. The final results from the initial reaction 
rates for 12 mM of ABTS and 100 mM of H2O2 for the different concentrations of peroxidase 
were determined via the Lambert Beer law. A similar procedure for determining the initial 
reaction rates for calculating ܭெ஺஻்ௌ and ௠ܸ௔௫஺஻்ௌ was used. 
The summary of the experimental results and the value of ݇௖௔௧஺஻்ௌ is presented in Table 5.4: 
 
Table 5.4 – Summary of initial reaction rates  
Final concentration of 
peroxidase (15% of 
protein mass)  in 
microwell plate 
Initial reaction rate Initial reaction rate 
mmol/mL ∆Absorbance/s mmol/(mL.min) 
0 0 0 
6.9.10-10 0.0113 2.19.10-5 
1.7.10-9 0.0351 6.77.10-5 
3.5.10-9 0.0786 1.52.10-4 
5.2.10-9 0.1209 2.33.10-4 
 
The value of kୡୟ୲୅୆୘ୗ was obtained from the slope of the linear regression fitted to the experimental 
data, as shown in Figure 5.4. 
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Figure 5.4 – Relation between the initial reaction rate for oxidation of ABTS and the horseradish peroxidase 
concentration. 
 
The kୡୟ୲୅୆୘ୗ value corresponds to the slope of this linear regression, 43976 min-1 which corresponds 
to 732 s-1. 
The kinetic parameters regarding the oxidation of ABTS catalyzed by peroxidase have been 
reported before in the scientific literature. Kamal and co-workers 143 have reported the kinetic 
parameter values corresponding to this enzymatic reaction and the substrate ABTS. The 
determined ݇௖௔௧ value was 810 s-1 and the determined ܭெ஺஻்ௌ value was 0.18 mM. Another article 
by Smith and co-workers 144 reported the kinetic parameters for this reaction. The value 
determined for  ݇௖௔௧ was 736 s-1 and the determined value for  ܭெ஺஻்ௌ was 0.27 mM.  
Comparing values obtained in this study (݇௖௔௧ = 732 s-1 and ܭெ஺஻்ௌ=0.76 mM) with the ones 
reported in the literature it is possible to conclude that the values of this investigation are in good 
agreement with the ones reported in the literature. Therefore, the implementation of this kinetic 
model into the CFD simulation can be done with confidence in the values for the kinetic 
parameters.  
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5.3 Case	 study	 1	 ‐	 Topology	 optimization	 applied	 to	 a	
microreactor	with	immobilized	enzyme	on	the	wall	surface		
5.3.1 Implementation of computational fluid dynamic simulations 
The experimentally obtained reaction parameters for the oxidation of ABTS to its radical form 
catalyzed by peroxidase and reducing H2O2 to water allow the use of a more realistic and precise 
study with relation to the topology optimization of microreactors.  
The experimental validation of the topology optimization can be performed in two stages, the first 
stage corresponds to the topology optimization using CFD simulations and the second one 
corresponds to the fabrication of the microreactor and the experimental validation. 
The investigated microreactor shape corresponds to the same as presented in Case study 1 from 
Chapter 4. The reaction model previously described is applied to the topology optimization and 
the resulting reactor configurations result will subsequently be tested in the laboratory.  
The presented experimental part in this section corresponds to the first studies towards 
experimental validation of a two-dimensional topology optimization of a microreactor with 
immobilized enzyme on the wall surfaces.  
 
5.3.1.1 Materials and methods 
As mentioned before, in this case study, the microreactor has the same shape as the microreactor 
of the two-dimensional case study reported in Chapter 4. 
The microreactor shape is a parallelepiped measuring 30 mm in width and depth, combined with 
two channels for the inlet and outlet located at opposite sides of the square. The width of the inlet 
and outlet channels is 10 mm. The height of the microreactor corresponds to 0.25 mm.  
Similar to the case study in Chapter 4, the enzyme is immobilized on the top and bottom surfaces 
of the reaction chamber. The symmetry planes will also be applied in this case study and 
therefore, only a quarter of the whole microreactor geometry is simulated as shown in Figure 5.5. 
Moreover, the bottom surface of the simulated part of the microreactor was divided in 128 
immobilization elements as well (See Figure 5.5).  
   
 119 
 
 
Figure 5.5 – View of a quarter of the microreactor configuration used in the CFD simulations. View of the 128 
immobilization elements   
 
The inlet flow rate was set according to the residence time and the volume of the microreactor 
(225 μL). The decision about the residence time was made such that the residence time of an 
average volume element would be 15 s inside the reaction chamber.  
The geometry design and definition of the small areas procedure was the same as the one 
described in Chapter 4. The studied reaction rate is the Michaelis-Menten mechanism for the 
oxidation of ABTS by peroxidase considering that H2O2 is present in excess. The reaction rate 
equation is described by Equation (5.8): 
 
 
where ݇௖௔௧஺஻்ௌ is the turnover number, ሾܥாሿ the enzyme concentration, ሾܵሿ the substrate 
concentration, ܲ the product and ܭெ஺஻்ௌ is the Michaelis-Menten constant. 
The reaction parameter values for this case study were previously derived experimentally and are 	
݇௖௔௧,௔௣௣஺஻்ௌ ൌ 732	sିଵ and ܭெ,௔௣௣஺஻்ௌ ൌ 0.76	݉ܯ. 
The enzyme concentration on the surface was determined considering that the diameter of an 
enzyme molecule is assumed to be roughly 10 nm 136. From the area of a molecule (7.85·10-17 m2), 
the maximum concentration of enzyme that can be immobilized in a monolayer is calculated as 
2.12·10-8 mol·m2. The substrate concentration at the inlet is 10 mM. In the scientific literature, the 
ABTS diffusion coefficient has been reported as 2.4·10-10 m2·s-1 145. In this computational study 
this value was used as the diffusion coefficient for both ABTS (substrate) and its radical 
(product). 
   
 ݎ௉ ൌ െݎௌ ൌ ݇௖௔௧,௔௣௣஺஻்ௌ ∙ ሾܥாሿ
ሾܵሿ
ሾܵሿ ൅ ܭெ,௔௣௣஺஻்ௌ  
(5.8)  
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Topology optimization procedure 
The problem formulation of this two-dimensional topology optimization problem is given by: 
 
 Maximize ܬሺܥாሻ ൌ ሶ݉ ௉ ௢௨௧௟௘௧ ൌ ܳ ൈ ܥ௉തതത൫ܥா ሺݔ, ݕሻ൯௢௨௧௟௘௧ 
Subject to  ܥா ൑ ܥா௠௔௫ (5.9) 
 
where ሶ݉ ௉	௢௨௧௟௘௧ is the product mass flow rate at the outlet, ܥ௉തതത௢௨௧௟௘௧ is the average product 
concentration at the outlet, ܥா  is the enzyme concentration and design variable which is 
dependent of the position in the microreactor, ܥா	௠௔௫ is the maximum enzyme concentration in 
the reactor, ݔ, ݕ	 are the space coordinates and ܬ is the objective function. 
The applied topology optimization procedure in this case study is the same as presented in Case 
study 1 in Chapter 4. At the starting point for this optimization problem, the immobilized enzyme 
concentration on the wall surface was set to half of the maximum concentration, 1.06·10-8 
mol·m2. 
 
5.3.1.2 Results and discussion 
The optimization cycle ended when the maximum enzyme concentration (2.12·10-8 mol·m2) was 
achieved. On the one hand, 0.861 mM of product was formed with the initial enzyme 
configuration. On the other hand 0.986 mM of product was converted with the final configuration. 
The reader should note that the enzyme concentration in the final configuration is double of the 
enzyme concentration in the initial configuration. However, the area where the enzyme is 
immobilized in the final configuration is half of the immobilization area of the initial 
configuration. Therefore, the number of enzyme molecules inside both microreactors is the same 
in both configurations. 
 
Table 5.5 – Summary of results of the two-dimensional topology optimization case study. 
Configuration Parameter Value 
Initial configuration 
Enzyme concentration 1.06·10-8 mol·m-2 
Product concentration 0.861 mM 
Final configuration 
Enzyme concentration 2.12·10-8 mol·m-2 
Product concentration 0.986 mM 
Improvement: 14.5% 
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In the end, the topology optimization resulted in an improvement of 14.5% of the product 
formation per same amount of enzyme (mol) compared with the initial enzyme configuration as 
presented in Table 5.5. 
The enzyme distribution and an overview of the product formation for the initial and final 
configurations can be found in Figure 5.6.  
The optimized microreactor configuration is characterized by enzyme immobilization mainly at 
the areas of low residence time streams and in the area close to the outlet. This demonstrates that 
the low residence time streams contribute more to the product formation. The low diffusion of the 
substrate and product (2.4·10-10 m2·s-1) and the high reaction rate results in mass transfer 
limitations inside the microreactor. The low concentration of substrate in the high residence time 
streams results in low reaction rates and consequently, in low product formation due to fast 
substrate conversion and low mass transfer to the surface.  
 
Thus, in contrast to the case study from Chapter 4, the high residence time streams are not as 
important for the microreactor yield in this investigation. 
Nonetheless in the final configuration, it is possible to see that there is a specific zone in the high 
residence time streamline for which the enzyme is immobilized on the wall surface. However, 
compared with the case study in Chapter 4 the enzyme immobilization in this streamline is 
Initial configuration 
Enzyme Product 
   
   
Final configuration 
Enzyme Product 
    
Figure 5.6 – Summary of topology optimization results. Enzyme distribution and product formation for the initial 
and final configurations.  
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discontinuous which means that there is a large interval between areas with immobilized enzyme 
in the same streamline. Using ANSYS CFX-Post®, a line was traced along this streamline towards 
the outlet as presented in Figure 5.7.  
 
 
Figure 5.7– Left: Substrate concentration profile at the surface for the final enzyme configuration in the plane y = 
1.5·10-6 mm; Right: Substrate concentration in a specified line on the plane (Line A: x = 0.012 mm, y = 1.5·10-6 mm, z 
from 0 to 30 mm ) 
 
The Line A in Figure 5.7 is located in a plane at a height (ݕ-direction) of 1.5·10-6 mm, at the width 
(ݔ-direction) 0.012 mm and all along the length (ݖ-direction) of the microreactor, i.e. from 0 to 30 
mm. The graph on the right hand side of the figure with the microbioreactor corresponds to the 
substrate concentration variation along the line A. Following the concentration of substrate along 
the channel length towards the outlet it is possible to verify that the substrate concentration 
decreases in the areas where enzyme is immobilized due to fast substrate conversion. The 
substrate concentration at the surface decreases from 10 mM to 6 mM which results in a decrease 
of 27% of the reaction rate. Thus, the next elements are not efficient for the production and no 
enzyme is immobilized. This area allows then the diffusion of the substrate onto the surface. 
Since more substrate is present at the surface, the elements further to the outlet are more efficient 
since the reaction rate increases again in these areas. 
In the final configuration, the preferential immobilization of enzyme on the areas close to the 
outlet instead of immobilizing at the inlet areas for the low residence time streams is difficult to 
explain. It can only be observed that the pattern in these specific areas is the result of the complex 
combination of mass transfer, reaction rate, substrate concentration and flow conditions. 
Although the shape of the microreactor is equal and the flow conditions are the same as the case 
study presented in Chapter 4, the final immobilized enzyme configuration is substantially 
different due to the different values of the substrate and product diffusion rate that have been used 
here, and due to differences in the reaction rate. This fact emphasizes the importance of topology 
optimization for designing reactors and thereby intensifying processes.  
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5.3.2 Experimental work towards method validation 
The experimental validation of the topology optimization procedure was attempted by comparing 
the final and initial configuration with immobilized enzyme on the surface of the top and bottom 
walls of the microbioreactor.  
This experimental work is the result of a collaboration with the Danish Polymer Center (DPC). 
My co-supervisor Associate Professor Anders E. Daugaard and the Ph. D. student Christian 
Hoffmann have actively participated in this part of my Ph. D. project. The fabrication of the 
microreactor and the immobilization of the enzyme on the surfaces of the microreactor were 
performed at the DPC using methods which have been developed in the center and/or found in 
literature.  
The quantification of the immobilized enzyme is not accurate at this point of the project. Thus, 
there is no certainty about the exact amount of enzyme that is immobilized on the surface. The 
exact amount of immobilized enzyme on the surface is a very important factor for the validation 
of the two-dimensional topology optimization, since the initial and the final configuration have 
different amounts immobilized on the surface. Therefore, the results with respect to the 
experimental validation will only include a proof of concept regarding the immobilization of 
enzyme on the wall surface. This work will be further developed and completed in the near future, 
when techniques for enzyme immobilization have been refined.  
The microreactor fabrication and enzyme immobilization were performed by Ph.D. student 
Christian Hoffmann from the Danish Polymer Center. The microreactor chambers were fabricated 
using a polymer made of a crosslinked thiol-ene network. The crosslinked thiol-ene network was 
prepared with pentaerythritol tetrakis (3-mercaptopropionate) (PETMP), triallyl-1,3,5-triazine -
2,4,6(1H,3H, 5H)-trione (TATATO) and bisphenol A diglycidyl ether (BADGE). The chemical 
formulas of the structural compounds used for preparing the crosslinked thiol-ene network are 
presented in Figure 5.8. 
                   
 
Figure 5.8 – Structural formulas of the compounds used for preparing the crosslinked thiol-ene network.
 
  
PETMP TATATO BADGE 
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The microsystems made of crosslinked thiol-ene network allow a great control of surface 
properties and have been shown to be good for flow systems by Mazurek and his co-workers 
146,147. They have included a detailed protocol for the preparation of the polymer network and the 
fabrication of microchambers. The thiol groups present on the surface were then utilized for 
further surface functionalization via a photo-initiated “thiol-ene” reaction. Using this strategy, the 
thiol groups can react with alkene functional compounds in order to introduce specific 
functionality on the surface. By using this technique, the surface was modified for immobilizing 
the enzyme through the photoreaction between the glycidyl methacrylate molecules and the thiol-
ene groups on the surface. The microchamber was then afterwards covered by a polypropylene 
stencil mask with the desired immobilization pattern. The epoxide groups from glycidyl 
methacrylate are known to react with the amine groups of the enzyme molecules and can 
therefore be used for covalent enzyme immobilization 148,149. Figure 5.9 is a schematic 
representation of the surface modification and enzyme immobilization procedures. 
 
Figure 5.9 – Surface modification and photochemical reaction between the glycidyl methacrylate molecules and the 
thiol groups using a polypropylene stencil mask to establish enzyme immobilization patterns. 
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The investigated patterns for enzyme immobilization were the following: full immobilization 
surface, no masking (Figure 5.10 a)), half of the immobilization surface, with half of the surface 
covered by the mask (Figure 5.10 b)), coarse checkerboard immobilization surface (Figure 5.10 
c)) and fine checkerboard immobilization surface (Figure 5.10 d)). 
 
   
  
Figure 5.10 – Enzyme immobilization pattern configurations: a) full immobilization surface; b) half of the 
immobilization surface, c) coarse checkerboard immobilization surface and d) fine checkerboard immobilization 
surface. 
 
The amount of immobilized enzyme was determined by analysing the absorbance of the 
horseradish peroxidase (HRP) solution. The correlation between the absorbance of the HRP 
solution and the concentration of the enzyme solution was performed through a calibration curve.  
The HRP solution was analysed using the spectrophotometer in order to obtain the initial enzyme 
concentration, before introducing the HRP solution in the microreactor. After the immobilization 
procedure, the HRP solution was removed from the internal volume of the microreactor with the 
help of a syringe. The solution was weighed and analysed using a spectrophotometer. Considering 
the solution density as 1 g/mL, the solution volume was determined from the weighed mass. The 
HRP immobilized mass was then calculated from the determined volume and the initial and final 
HRP solution concentrations.  The microreactor inlet was connected to a syringe pump (500 μL) 
(model  Cavro XLP6000, from Tecan) which contained the substrate solutions (1 mM ABTS, 
100mM H2O2), respectively. 
The flow rate was set to 225 μL/min in order to ensure that the residence time inside the 
microreactor was an average of 60 seconds. The performance of the microreactors was evaluated 
using an on-line UV-detection system. The microreactor outlet was connected to an 8-port 
a) b) 
c) d) 
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injection valve (model VICI E45-230 - CR2 head) which was programmed for collecting samples 
at a certain frequency. The UV-detector (model Agilent G1315AR) measured the absorbance of 
each sample at 414 nm. The experimental protocols for the surface treatment and enzyme 
immobilization and the operation of the on-line UV-detection system are described in more detail 
in Appendix B. 
 
5.3.2.1 Results and discussion 
The calibration curve which relates the concentration of HRP in solution is given by: 
 
ܣ ൌ 0.5006 ൈ ܥ ൅ 0.3514 
 
where ܣ is absorbance and ܥ is enzyme concentration. The results for the immobilized enzyme 
are summarized in Table 5.6.  
 
Table 5.6 – Results of immobilized enzyme mass for all microreactor configurations. 
 Initial solution 
Full 
immobilization 
surface 
Fine 
checkerboard 
Coarse 
checkerboard 
Half 
immobilization 
surface 
Initial 
concentration 
(mg/mL) 
1.067 - - - - 
Final 
concentration 
(mg/mL) 
- 1.03 1.01 1.1 1.03 
Solution mass  
(mg) 
- 272.8 279.6 309.9 337.8 
Final enzyme 
mass (mg) - 7.5 13.2 -21.5 9.3 
 
From these results it is possible to verify that the mass of enzyme immobilized in the microreactor 
with full immobilization surface is close to the amount immobilized at the microreactor half 
immobilization surface. However, the size of the surface for immobilization is double for the first 
configuration.  
The immobilized enzyme mass for the coarse checkerboard configuration is a negative number. 
At this point of the experiments it was not certain if there was any enzyme immobilized and only 
the test of the microreactor for the oxidation of ABTS can verify that. In the fine checkerboard 
configuration it seems that there was more enzyme immobilized than in any of the other 
configurations.  
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All four microreactor configurations were tested by pumping the substrate solutions through each 
of them for 30 min in order to evaluate the performance of each microreactor. The results of the 
absorbance measurements by the on-line UV-detection system for each microreactor 
configuration are presented in Figure 5.11. The absorbance measurements can be found in 
Appendix C. 
 
 
Figure 5.11 – Absorbance results for the four microreactor configurations with enzyme immobilization via covalent 
binding, one microreactor with enzyme immobilized by adsorption and the reference microreactor with no enzyme 
immobilized.  
 
The reader should note that the microreactor was first operated by flowing the substrate solution 
in order to remove the air bubbles from inside the microchamber. Afterwards, the substrate 
solution flow was stopped and the microreactor was connected to the UV-detector. During the 
period of time required for connecting the microreactor to the detector system, the syringe pumps 
were switched off and the substrate molecules present in the microsystem reacted with the 
immobilized enzyme. As a consequence, some substrate has been converted at the start of each 
measurement in Figure 5.11, when the feed flow is started again, and therefore the absorbance 
signals for the microreactor configurations coarse checkerboard, half immobilization surface and 
the fine checkerboard decrease over time since the system is converging to steady state. The 
comparison of the microreactors performance must be done considering the steady state 
conditions (time larger than 1300 s). 
The plotted results in Figure 5.11 are consistent with the results for the quantification of 
immobilized enzyme. For this experimental investigation, it is critical to ensure that the enzyme 
only immobilizes on the surface specifically onto the glycidyl methacrylate molecules since 
enzymes are known for adsorbing easily to polymeric surfaces. 
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Two reference assays were prepared for verifying possible spontaneous reactions or unspecific 
enzyme bonding. For the first reference, the microchamber had contact with enzyme solution 
inside the reaction chamber in order to investigate spontaneous product formation. For the second 
reference assay, a microchamber with no glycidyl methacrylate molecules was exposed to the 
enzyme solution in order to investigate if it was possible to prevent unspecific immobilization by 
adsorption. 
The first reference system showed that the product concentration in these configurations is 
negligible (See Figure 5.11). These results demonstrate that there is no formation of product by a 
spontaneous reaction in the reference microreactor.  
The negligible formation of product in the microreactor for the second reference assay (See 
Figure 5.11) demonstrates that the enzyme immobilized by adsorption is insignificant. Thus, this 
result shows that the immobilized amount on the surface on the treated surfaces is exclusively 
achieved by the covalent immobilization protocol. 
The microreactor with the fine checkerboard configuration has a better performance compared 
with the other configurations. This fact can be explained by the high enzyme mass immobilized 
on the wall surface. The full immobilization surface and the half immobilization surface 
configurations present the same level of performance. The results are consistent with the 
determined amounts of immobilized enzyme mass, which are also very similar. 
With respect to the performance of the coarse checkerboard pattern it seems that there was in fact 
immobilized enzyme inside the microreactor. The performance of the microreactor with coarse 
checkerboard configuration is also very similar to the full immobilization surface and the half 
immobilization surface configurations. Nonetheless, the determined amount of immobilized 
enzyme does not reflect these results. The negative value determined upon the qualification of the 
amount of enzyme immobilized (See Table 5.6) on the surface might be related to experimental 
errors. The large variations of the calculated values for the final mass and the negative value 
showed that it is very difficult to correlate the enzyme concentration to the amount of enzyme of 
the surfaces. These inconsistencies are believed to be due to the analytical detection limits when 
working with enzymes and proteins at such low concentration levels. Small inaccuracies in 
pipetting might be the source of large variations in the final results, since these errors might be 
amplified on the final measurement value. 
During the process of surface treatment with the reaction of glycidyl methacrylate with the thiol 
groups on the surface, a formation of a milky colour in the solution was observed in the areas 
where the photochemical reaction occurs. Figure 5.12 shows the regions of immobilization for the 
coarse checkerboard and half immobilization surface configurations for both top and bottom 
surfaces.  
These pictures were taken with the solution of glycidyl methacrylate inside the microreactors. In 
the microreactor with the coarse checkerboard configuration, a slight definition of the squares, 
 129 
 
where the glycidyl methacrylate is being attached can be seen. A clearer view of these areas can 
be obtained closer to the side walls of the microreactor. The microreactor with half immobilized  
 
Figure 5.12 – Visualization of exposed immobilization areas to the photochemical reaction. Left: microreactor with 
coarse checkerboard configuration; Right: microreactor with half immobilization surface configuration. 
 
surface configuration shows a relatively clear difference between the immobilization area and the 
non-immobilization area at the top surface. However, from the view of the bottom surface it 
seems that some glycidyl methacrylate molecules have immobilized outside the immobilization 
area. At this point of time we cannot explain the phenomena of the accumulation of glycidyl 
methacrylate molecules close to the walls and the attachment of the molecules outside the defined 
immobilization zone.  
More experimental work is needed in order to improve the accuracy of the immobilization method 
and the determination of immobilized enzyme mass. The experimental validation of topology 
optimization of immobilized enzyme on the surface can only be performed when the 
determination of the immobilized enzyme mass is accurate enough. The amount of immobilized 
enzyme on the surface is extremely important since the concentration of immobilized enzyme on 
the surface of the initial configuration of the topology optimization is half the concentration of 
enzyme on the surface of the final configuration. Therefore, more experiments and studies need to 
be performed in order to successfully validate the two-dimensional topology optimization 
experimentally. 
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5.4 Case	study	2	–	Topology	optimization	of	a	microreactor	with	
free	enzyme	in	solution	
This case study includes an experimental study of a topology optimized configuration of a 
microreactor with free enzyme in solution. In Chapter 4, the three-dimensional topology 
optimization was presented for a microreactor with immobilized enzyme on the surface of a 
packed bed. For experimental validation, the fabrication of this microreactor and the distribution 
of the enzyme would be a very complex procedure. Therefore, the experimental validation for a 
three-dimensional topology optimization can instead be performed with the help of a microreactor 
with free enzyme in solution.  
The microreactor in this case study is a microreactor with a square shaped cross-section, with a 
well-mixed solution of enzyme and substrate at the inlet. The microreactor system was chosen in 
order to guarantee a mixed flow profile which deviates significantly from the plug-flow 
characteristics. In microfluidics, the plug-flow conditions can be achieved with a parabolic flow 
profile if the radial diffusion mass transfer is fast compared with the convective mass transfer 
along the flow direction150. This is mainly a function of the geometry, the flow rate and diffusion 
rate. In this case study, the mixed flow behavior is characterized by significant difference in 
residence times as a function of the radius, low radial transport by diffusion and large radial 
concentration profiles. The purpose of this case study is to investigate whether the product 
formation can be improved through the spatial optimization of the enzyme. With this optimization 
we want to see if there is a better way to use the microreactor which does not operate at perfect 
conditions. Hence, we want to investigate the placement of the enzyme streams at the inlet in 
order to find a new configuration which operates in a more efficient way and can be tested 
experimentally. Moreover, we want to demonstrate that the optimization method can contribute to 
the intensification of microreactors. 
The applied reaction model in the topology optimization procedure corresponds to the reaction 
model in the previous section and corresponds to the oxidation of ABTS to its radical form 
catalyzed by peroxidase. The experimental study will be performed by using the same enzymatic 
reaction. 
 
5.4.1 Implementation of Computational Fluid Dynamic simulation 
The topology optimization is applied by introducing the reaction mechanism model of peroxidase 
as described above. The determined reaction parameters (݇௖௔௧ and	ܭெ) are then introduced in 
ANSYS CFX® and are applied to topology optimization studies. 
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5.4.1.1 Materials and methods 
The shape optimized microreactor is a square shaped cross-section channel. The inlet and outlet 
are located at the ends of the microchannel. The square cross-section of the microchannel has the 
following dimensions: 0.5 mm width and 0.5 mm height. The microchannel length is 50 mm. the 
choice of this structure is based on the simple manufacturing process of the microreactor and the 
opportunity of testing it in the laboratory. The microreactor geometry with its dimensions is 
presented in Figure 5.13.  
 
Figure 5.13 – Square shaped cross-section microreactor geometry with dimensions. 
 
Similar to the Case Study 1 in Chapter 4, a horizontal and a vertical symmetry plane were applied 
to the geometry. Hence, only a quarter of the geometry was simulated using CFD. The simulated 
geometry with the symmetry planes is shown in Figure 5.14. 
 
 
Figure 5.14 – Geometry of microreactor with horizontal and vertical symmetry planes. 
 
The microreactor operates under steady-state conditions and the flowrate was set according to the 
chosen residence time of 20 s. The flow rate for the volume implemented in CFD simulation is 
9.38 μL/min. This value was selected in order to obtain a sufficiently large difference between the 
radial residence times and diffusional mass transfer limitations and consequently create large 
radial concentration profiles. 
Similar to the previous topology optimization case study it is necessary to establish a maximum 
allowed enzyme concentration in the microreactor. In this study, the maximum enzyme 
concentration was set to be 5·10-5 mM. The maximum enzyme concentration was chosen in order 
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to guarantee that full conversion was not achieved and that there is an opportunity for 
improvement. 
Enzyme (peroxidase) is simulated as a solute, the same way as the substrate (ABTS). Both 
enzyme and substrate enter the microreactor via the inlet. The concentrations at the inlet of ABTS 
and peroxidase are 10 mM and 2.5·10-5 mM, respectively. The diffusion coefficient for both 
ABTS (substrate) and its radical (product) was fixed at 2.4·10-10 m2·s-1. The diffusion coefficient 
of the peroxidase was considered to be similar to values reported for other enzymes. Therefore, it 
was adjusted to be the same value used for the case study in Chapter 3, i.e. 1·10-11 m2·s-1 134. 
The reaction source term is applied in the whole reactor volume since the reaction occurs 
everywhere in the volume of the microchannel, where the reactants are present. 
 
Topology optimization procedure 
The problem formulation of this three-dimensional topology optimization problem is given by: 
 
 Maximize	 ܬሺܥாሻ ൌ ׬ ݎ௉ሺܥா ௔௖௧௜௩௘ሻܸ݀ఆ ; ܥா ௔௖௧௜௩௘ ሺݔ, ݕ, ݖሻ	
Subject	to	 ܥா ௔௖௧௜௩௘ ൑ ܥா ௔௖௧௜௩௘௠௔௫ (5.10)
 
The design of the microreactor was implemented in ANSYS CFX® and for this investigation the 
volume of the reaction chamber was divided in small virtual volumes, in this case 160 virtual 
volumes. These volumes are set up in the simulation (ANSYS CFX-Pre®) by introducing the 
Matrix function explained in Chapter 4.  
The Matrix function defines here the center of each virtual volume and the presence of active 
enzyme inside the reactor. So, when the Matrix function is 1 in a virtual volume, it means that 
enzyme is active and the reaction occurs and when it is 0, it corresponds to inactive enzyme and 
the reaction does not occur in that volume. Afterwards, this function is multiplied by the enzyme 
concentration. In this way the Matrix function works as a switch function indicating the presence 
or the absence of active enzyme in the volumes, and defines thus the areas where the reaction is 
occurring inside the reactor. When a virtual element is removed the amount of enzyme (mol) 
contributing to the reaction in that volume is distributed over all remaining active virtual volumes. 
The distribution of enzyme through all the other active elements will result in an increase of the 
enzyme concentration locally in these elements. However, since the volume with active enzyme 
decreases proportionally to the increase of enzyme concentration, the total amount of enzyme 
(mol) is guaranteed to be the same throughout the optimization routine for all the tested reactor 
configurations. 
The 160 virtual volumes were placed according to the following distribution: 4 volumes in the ݔ 
direction, 10 volumes in the ݖ direction and 4 volumes in the ݕ direction. 
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The optimization procedure followed the layout of the method presented in the first section of 
Chapter 4 – 4.1 The topology optimization method. The optimization cycle starts by distributing 
uniformly the enzyme in the whole microreactor volume, at half of the maximum concentration, 
2.5·10-5 mM. The Matrix function is set to 1 for all the virtual volumes positions indicating that 
the enzyme present in the reactor is active. Afterwards, the ANSYS CFX-Pre® script is changed 
according to the defined Matrix function, a computational fluid dynamic simulation is carried out 
by ANSYS CFX® and the cost function is evaluated in MATLAB®. The optimization routine 
starts by performing a sensitivity analysis of each virtual volume and the decision on the removal 
of ineffective volumes is made. Afterwards, the update for the location of active enzyme is made 
and the total enzyme concentration in each volume containing active enzyme is increased by 
MATLAB® in order to maintain a constant amount (mol) of active enzyme inside the 
microreactor.  
The script files are updated and the new configuration is evaluated by ANSYS CFX®. The 
optimization cycle is repeated until the maximum enzyme concentration is achieved or the 
optimization converges. 
 
5.4.1.2 Results and discussion 
Topology optimization of a microreactor with free enzyme in solution helped to find a new 
configuration for the inlet which contributes to a better efficiency and operation of the system. 
The initial configuration of the microreactor resulted in the formation of 0.433 mM of product and 
the final configuration resulted in formation of 0.566 mM product. This means that the topology 
optimized configuration has improved the product concentration at the outlet by 30.7% while 
keeping the active enzyme amount (mol) in the microreactor constant. The topology optimization 
cycle has finished when the maximum enzyme concentration was achieved.  
Table 5.7 presents a summary of these results and Figure 5.15 presents an overview of the product 
formation for the initial and the final configurations. From the analysis of the final configuration, 
it is possible to verify that the areas with most influence on the product formation are located 
close to the corners of the channel cross section. This result suggests that the streams with high 
residence time contribute more to the product formation, which is also logical and expected. The 
wall of the microreactor causes a decrease in the velocity of the fluid due to the friction between 
the wall and the fluid. The reduction of the fluid velocity results in the higher residence time of 
the fluid elements in those locations.  
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Table 5.7 – Summary of results of the three-dimensional topology optimization case study. 
Configuration Parameter Value 
Initial configuration 
Enzyme concentration 2.5·10-5 mM 
Product concentration 0.433 mM 
Final configuration 
Enzyme concentration 5·10-5 mM 
Product concentration 0.566 mM 
Improvement: 30.7 % 
 
Initial configuration 
Active enzyme Product 
 
   
Final configuration 
Active enzyme Product 
 
Figure 5.15 – Summary of the three-dimensional topology optimization results for a microreactor. Virtual volumes in 
the microreactor and product formation for the initial and final configurations are shown. Inlet and outlet are located 
on the right and left hand side of each figure, respectively. Both reaction volumes and product overview are presented 
in the microreactor with symmetry planes on the top and the right hand side of the presented channel. 
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S+2E S+2E 
S+2E S+2E
Therefore, the contact between enzyme and substrates is longer in these locations compared with 
the regions in the core of the flow, where a high velocity is observed. The final configuration of 
the topology optimization indicates that if the enzyme flow is placed in the corners of the reactor 
with a maximum concentration it is possible to produce 30% more than if the enzyme at half of 
maximum concentration is well mixed with the substrate at the inlet. Thus, the outcome of the 
topology optimization suggests that the inlet of the microreactor should change from the 
configuration presented in Figure 5.16 a) to the configuration presented in Figure 5.16 b) for 
achieving the predicted improvement. The reader should notice that the sum of the inlet areas of 
all four streams at the corners should correspond to half of the inlet area. In this way it will be 
possible to maintain the average enzyme concentration at the channel cross section for both initial 
and final configurations.  
 
 
 
 
 
 
 
Inlet of initial configuration 
 
 
 
 
 
Inlet of the final configuration 
Figure 5.16 – Configurations for the microreactor inlet where S is the substrate concentration and E is the enzyme 
concentration: a) inlet configuration for the initial configuration before the topology optimization was applied; b) inlet 
corresponding to the final configuration results from the topology optimization. 
The starting point of the topology optimization problem was a mixed flow microreactor with well-
mixed streams of enzyme and substrate at the inlet. The flow inside the microreactor is 
characterized by a significant radial difference in residence times, diffusional transport and a large 
radial concentration gradient. Substrate conversion is influenced by the flow characteristics and 
therefore the reaction rate is not the same in the whole volume of the microreactor. Consequently, 
the product profile concentration in the cross-section is not uniform.  
The studies reported by Bodla et al.101 and Aoki et al.102 demonstrated that the reaction yield 
improves by increasing the number of interfaces, i.e. reducing the lamination width of the parallel 
substrate and enzyme streams or reactant streams. These two case studies were described in detail 
in Chapter 2, section 2.4.2 - Mixing in microsystems. These results indicate that increasing the 
number of interfaces improves the mixing between streams and thus, intensify the performance of 
the microreactor.  
In contrast, the topology optimization results, which indicate that placing the enzyme flow close 
to the walls will produce more product per same amount (mol) of enzyme compared with a 
microreactor with a well-mixed stream containing enzyme and substrate at the inlet. This result 
 S+E 
a) b) 
S 
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demonstrates that mixing is an important aspect to take into account for designing a reactor, but it 
might not be the only factor that should be considered. The improvement of the yield is a function 
of the flow conditions, local reactants concentration, reaction rate and diffusion properties. 
Therefore it is necessary to consider all these phenomena simultaneously in order to achieve 
reactor intensification. 
 
5.4.1.3 Selection of the microreactor configuration for experimental testing 
 
The configuration of the microreactor obtained through topology optimization is quite complex to 
be manufactured. However, the application of the optimization method to this case study allows 
gathering information regarding the flow influence on the reaction yield and evaluating options 
for alternative inlet configurations. The main outcome from the optimization is that the enzyme 
streams should enter close to the walls. 
Further computational investigations on inlet configurations are needed in order to find a 
microreactor which is possible to be manufactured. Therefore, some configurations with enzyme 
streams entering close to the walls will be investigated. 
In this section simulations of several microreactor inlet configurations are performed in order to 
investigate possible configurations which are simpler to fabricate and where the enzyme stream is 
placed next to the walls at the inlet. The eight different inlet configurations for the microreactor 
are compared by CFD simulations and are presented in Figure 5.17.   
 
 
Figure 5.17 – Inlet configurations for the microchannel: a) T-microreactor; b) 8-stream microreactor with 
enzyme and substrate streams totally separated; c) 8-stream microreactor with 4 streams with double enzyme 
concentration and substrate mixed and 4 streams with only substrate; d) Mixed flow microreactor, substrate and 
enzyme well mixed; e) Five-stream microreactor with low substrate concentration at the center and separation of 
enzyme and substrate streams on the inlet sides; f)Square configuration with double enzyme concentration and 
substrate stream around the walls and pure substrate stream in the center; g) Three-stream microreactor, two 
double enzyme concentration and substrate streams on the sides of the channel with a pure substrate stream in the 
center; h) topology optimized microreactor, double enzyme concentration and substrate streams in the corners of 
the microchannel with a pure substrate stream in the center. Enzyme concentration [E]=2.5·10-5mM and substrate 
concentration [S]=10 mM. 
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Three new possible configurations which place the enzyme close to the walls are presented in 
Figure 5.17 e), f) and g). One of these configurations will afterwards be chosen for fabrication and 
laboratory testing as the better performing microreactor. The enzyme solution is considered to 
enter the microreactor well-mixed with substrate in both inlet configurations f) and g). However, 
the reader should note that these solutions enter separately in the configuration e). The 
configuration e) was chosen to be investigated due to its simple fabrication procedure. The 
microreactor can be fabricated using a series of layers of PMMA. The reaction microchannel can 
be placed in the middle layer, the enzyme and substrate side streams enter the microreactor at the 
bottom and the top layers, respectively, where they split into two streams. The split streams of the 
enzyme and the substrate join at the microreactor level and enter together as laminated streams in 
the reactor chamber. The substrate center stream enters directly in the microreactor channel layer. 
The simulations of the configurations a), b), c) and d) in Figure 5.17 will allow a full 
understanding of the importance of the inlet configuration for the mixing of the streams. This 
aspect is important afterwards, for deciding whether one of these configurations will be chosen 
for laboratory testing as the poor performing microreactor.   
All microreactor configurations are characterized by a squared shaped cross-section channel of 0.5 
mm width, 0.5 mm height and 50 mm length identical with the microreactor used for the topology 
optimization study. The average flow rate inside the microreactor is the same as the flow rate 
considered for the topology optimization case study presented in the previous section. The 
reaction mechanism was also considered to be the same as applied to the optimization case study, 
i.e. the oxidation of ABTS using peroxidase. The difference between these different channels is 
the inlet configuration. The reader should note that although the placement of the substrate and 
the enzyme streams at the inlet is different, the average quantity of enzyme and substrate inside 
the microreactor per time unit are the same for all configurations in order to allow a fair 
comparison. Moreover, the flowrates of the streams were adjusted for all inlets in different inlet 
configurations such that the residence time (20 s) inside the microreactors and the flow profile are  
the same among the microreactors and it is possible to compare them. 
The detailed description of the microreactor inlet of configurations a), b), c), e), f) and g) are 
presented in Appendix D. An overview of the product concentration at the outlet plane for all the 
configurations is given in Figure 5.18. 
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Microreactor 
configuration 
Outlet product 
concentration 
Microreactor 
configuration 
Outlet product 
concentration 
T-microreactor 
 
 
 
Five-stream 
microreactor 
 
 
 
8-stream 
microreactor with 
separation of 
enzyme and 
substrate streams 
 
 
Square microreactor 
 
 
 
  
8-stream 
microreactor with 
uniform substrate 
concentration at inlet 
and separation of 
enzyme streams 
 
 
 
Three-stream 
microreactor 
 
 
 
 
 
 
Mixed Flow 
microreactor 
 
 
 
Topology optimized 
microreactor 
 
  
Figure 5.18 – Overview of the product concentration at the outlet plane for configurations a), b), c), d), e), f), g) and h). 
Enzyme concentration [E]=2.5·10-5mM and substrate concentration [S]=10 mM 
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positioning of the enzyme streams is only at the top part of the reactor it seems that the production 
is very effective in these areas and improves the microreactor performance. 
Both the Three-stream and the Square configurations have shown better yields than the optimized 
configuration resulting from the topology optimization. The performances of these configurations 
demonstrate that the outcome of the optimization does not correspond to the global optimum 
configuration. In Chapter 2, the gradient-based methods drawbacks were reviewed and one of 
them was indeed the great probability of the method converging to a local minimum instead of the 
global minimum.  
Nevertheless the local optimal result of the topology optimization has given the needed 
information for manufacturing a microreactor design with better reaction yield. 
From the investigation of the different inlet configurations, it is possible to conclude that the 
mixing inside a reactor is not the only factor to take into account when designing a reactor. The 
studies including the reduction of lamination width of the streams (from a) to b) and c)) improve 
the mixing and thereby their product yields converge only to reach the yield of the Mixed Flow 
configuration. The optimization method has demonstrated that the considered Mixed flow 
configuration, can be further improved by placing the enzyme streams in specific favorable inlet 
regions. 
The main outcome of this study is that positioning of the catalyst plays an important role for the 
reactor performance. According to this computational study, the production can be improved up 
to 60% with the same reactor volume and the same amounts of catalyst and substrate by placing 
the enzyme stream close to the walls. 
The T-microreactor and the Five-stream inlet were the microreactor configurations chosen for 
laboratory testing. For time reasons, the laboratory work had to be simplified and therefore, it was 
decided that the simplest configurations would be fabricated and tested. We are aware that these 
configurations are very different from the initial and the optimal structures. 
The test of the Mixed flow configuration and one of the optimized structures (e.g. Three-stream 
and the Square microreactors) requires further investigation in order to guarantee well-mixed 
streams of enzyme and substrate at the inlet and low product formation during the mixing process.  
The laboratory testing of the simple configurations will still allow the verification of the 
improvement of the reaction yield by modifying the configuration of the substrate and the enzyme 
streams at the inlet. The results of the experimental verification are presented in the following 
section. 
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5.4.2 Experimental verification of the computational results 
The experimental verification of the topology optimization will be achieved by comparing the T-
microreactor configuration and the Five-stream microreactor. 
According to the CFD simulation results, the experimental validation should show that the Five-
stream microreactor is 166% better than the T-microreactor. 
 
5.4.2.1 Microreactor fabrication 
The microreactors were designed using the computer-aided design program SOLIDWORKS®. 
The microreactor configuration was fabricated using poly(methyl methacrylate) (PMMA) plates 
(1.5 mm) and double adhesive tape sheets (Medical Grade Tape -142 μm, PET foil, obtained from 
Microfluidic Chipshop). The PMMA plates and the double adhesive tape have the following 
dimensions: 4 cm width and 10 cm length. 
The microreactor configuration consisted of 4 layers of PMMA plates and the reactor channel was 
made by attaching 4 sheets of double adhesive tape (height 0.568 mm). Since the height of a tape 
sheet is 142 μm and in order to maintain the height and the width the same dimensions, the 
microchannel design was changed in SOLIDWORKS®   and the width was adjusted to 0.568 mm. 
The length of the microreactor is the same as in the CFD simulations, 50 mm. 
The several layers of the microreactor (PMMA and double adhesive tape layers) were laser 
ablated using a CO2 Laser Engraving Machine (model CMA-4030 from Hans’ Yueming Laser). 
 
T-microreactor 
The T-microreactor was assembled by four plates of PMMA (1.5 mm) and four sheets of double 
adhesive tape. The layers of PMMA were used for defining the inlets and outlets of the 
microreactor and the channels which promote the division of the streams. The four sheets of 
double adhesive tape were glued together and cut to be compatible with the shape of the reaction 
chamber. 
In the first layer of the reactor made of PMMA, three holes were drilled, two for the inlets for the 
enzyme solution (5·10-5 mM of peroxidase) and the substrates solution (20 mM ABTS, 200mM 
H2O2) and one outlet.  
The second layer is also made of PMMA and is ablated in the form of a microchannel which 
carries the enzyme solution until the point the solution descends to the reaction microchannel 
layer to be combined with the substrate solution. In this layer, two other holes were drilled; one to 
carry the substrate solution to the fourth layer of the microreactor and one for carrying the outlet 
solution (See Figure 5.20). 
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The bottom and fourth layer which was made of PMMA was ablated in the shape of a 
microchannel to carry the substrate solution until the point it ascends to the reaction microchannel 
layer to be combined with the enzyme solution (See Figure 5.20). 
 
Figure 5.20 – View of the different layers of the T- microreactor and the different streams with details on the flows and 
the combination of streams. 
The third reaction microchannel layer was made by four sheets of double adhesive tape with the 
dimensions stated above. The four sheets of double adhesive tape were glued to a plate of PMMA 
in order to guarantee physical separation from the channels carved in the bottom layer. A hole 
was also drilled in the reaction microchannel layer to carry the substrate solution to the fourth 
layer of the microreactor. The PMMA layers were glued to each other with a layer of double 
adhesive tape.  
In the reaction microchannel layer, the enzyme and substrate solutions are combined before 
entering the microreactor (See Figure 5.20 and Figure 5.21). The combination of these two 
streams result in two laminated parallel streams of enzyme and substrate. The final configuration 
of this microreactor corresponds to the T-microreactor configuration but with the streams as 
fluidic layers instead of side-by-side streams. The final average concentrations at the inlet of the 
reaction chamber are 10 mM of ABTS, 100 mM of H2O2 and 2.5·10-5 mM of peroxidase. 
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Figure 5.21 – Top view of the microchannel for the T-microreactor. 
 
Five-stream microreactor 
The Five-stream microreactor consisted also of four layers of PMMA (1.5 mm) and four sheets of 
double adhesive tape which are used for the reaction chamber. The complete microreactor design 
can be found in Figure 5.22. 
 
 
Figure 5.22 – View of the different layers of the Five-stream microreactor and the different streams with details of the 
flows and combination of streams. 
The top layer of PMMA has four holes which are made for the concentrated substrate solution 
inlet (20 mM ABTS, 200 mM H2O2), the diluted substrate solution inlet (10 mM ABTS, 100 mM 
H2O2), the enzyme solution inlet (1·10-4 mM peroxidase) and the outlet. The second layer of 
PMMA was ablated in order to create microchannels for the splitting of the enzyme solution. The 
bottom and fourth layer of the microreactor is also made of PMMA and was ablated in order to 
create channels for the splitting of the concentrated solution of substrate.  
ABTS + H2O2 
+ 
Peroxidase Outlet 
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The third layer of the microreactor holds the reaction chamber. The reaction chamber was 
fabricated in 4 sheets of double adhesive tape glued to each other. This layer is pasted to a plate of 
PMMA in order to guarantee physical separation from the channels ablated in the bottom layer. A 
hole was also drilled in this layer to carry the substrate solution to the fourth layer of the 
microreactor. 
The PMMA layers were attached to each other with a layer of double adhesive tape.  
The enzyme solution from the second layer and the concentrated substrate solution from the 
bottom layer are split into two streams. Afterwards each split enzyme stream is combined with 
one of the split substrate streams at the microreactor level before entering the reaction chamber 
(See Figure 5.22). The combination of these streams results in two parallel laminated streams of 
enzyme and substrate. 
Three streams meet at the inlet of the microreactor: two streams containing the lamination of 
substrates and enzyme streams and entering close to each side wall of the channel and one stream 
containing the diluted substrate solution (10 mM ABTS, 100 mM H2O2) entering in the middle of 
the channel (See Figure 5.23). The final average concentrations at the inlet of the reaction 
chamber are: 10 mM of ABTS, 100 mM of H2O2 and 2.5·10-5 mM of peroxidase.   
 
The T-microreactor inlets were connected to two syringe pumps (50 μL) (model Cavro XLP6000, 
from Tecan) which contained the peroxidase solution (5·10-5 mM) and the substrates solution (20 
mM ABTS, 200 mM H2O2), respectively. The Five-stream microreactor inlets were connected to 
three syringe pumps (50 μL) (model  Cavro XLP6000, from Tecan) which contained the 
concentrated substrates solution (20 mM ABTS, 200 mM H2O2), the diluted substrates solution 
(10 mM ABTS, 100 mM H2O2) and the enzyme solution (1·10-4 mM). The flow rate was set to 
ensure that the residence time inside the microreactor would be approximately 20, 10 and 5 
seconds, respectively. The microreactor outlet was connected to the same UV-detection system 
used for the determination of the reactor performance in Case 1 of this chapter, 
The experimental protocols and the operation of the on-line UV-detection system are described in 
detail in Appendix B. 
   
 
Figure 5.23 –Top view of the microchannel for the Five-stream microreactor. 
ABTS + H2O2 
+ 
Peroxidase
ABTS + H2O2 
+ 
Peroxidase 
ABTS + H2O2 Outlet 
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5.4.2.2 Results and discussion 
Both the T-microreactor and the Five-stream microreactor were tested at three different residence 
times (5, 10 and 20 s) using freshly prepared substrates and enzyme solutions. Figure 5.24 
summarizes the average of the absorbance values obtained over time for both microreactor 
configurations and for the different residence times tested. 
 
 
Figure 5.24 – Comparison of average measured absorbance over time in the microreactor outlet, comparing the T-
microreactor and the Five-stream microreactor for the residence times 5, 10 and 20 s. The improvement of the 
product formation when comparing the T-microreactor and the Five-stream microreactor is obvious, especially for 
low residence times. 
 
The improvement of the product concentration in the Five-stream microreactor in relation to the 
T-microreactor for all residence times are also presented in Figure 5.24. The improvement was 
calculated using the average values of the absorbance registered over time for both microreactor 
configurations. 
The absorbance measurements over time for the comparison between the T-microreactor and the 
Five-stream microreactor for the different residence times are presented in Figure 5.25. The Five-
stream microreactor configuration showed for all residence times a better performance than the T-
microreactor. The improvement was higher for the lowest residence time (5 s) compared with the 
residence times 20 s and 10 s.  
For a residence time of 5 s, the improvement between the Five-stream microreactor and the T-
microreactor was 273.4%. The production of the Five-stream microreactor for 5 s of residence 
time was as high as the production of the T-microreactor for a residence time of 20 s. For a 
residence time of 10 s, the improvement between the Five-stream microreactor and the T-
microreactor was 36%. For the residence time of 20 s, the improvement between the Five-stream 
microreactor and the T-microreactor was only 5.5%. 
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Figure 5.25 – Absorbance measurements over time for the comparison between the T-microreactor and the Five-stream 
microreactor for the different residence times. 
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The experimental work has verified the simulation results since the placement of enzyme in high 
residence time streams (close to the wall) resulted in a significant improvement of the reaction 
yield. Moreover, it was also experimentally shown that it is possible to increase the production 
per same amount (mol) of enzyme and substrates in the same reactor by modifying the placement 
of the enzyme in the inlet streams. 
The experimental results show that the improvement tends to decrease when the residence time 
increases. More simulations were performed in order to verify this trend. The T-microreactor and 
the Five-stream microreactor configurations were simulated in order to include the results for 
residence times 5 s and 10 s. These simulations were performed in order to understand the trend 
with decreasing improvement of the performance in the Five-stream microreactor relative to the 
T-microreactor, when the residence time increases. The presented results in Figure 5.26 
correspond to the substrate and product concentration profile along the channel width at the outlet 
and at a channel height of 0.45 mm. 
T-microreactor Five-stream microreactor 
 
Figure 5.26 – Simulation results for T-microreactor and Five-stream microreactor for residence times 5s, 10s and 20s. 
Substrate and product concentration profile along the channel width at the outlet and at 0.45 mm of height. 
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It is possible to verify from the analysis of the simulated substrate concentration profile of the T-
microreactor in Figure 5.26 (top left graph) that for high residence times the diffusion from the 
bulk to the walls is larger compared with low residence times. Thus, the level of substrate 
dispersion in the T-microreactor tends to approximate the dispersion level in the Five-stream 
microreactor when the residence time increases. This fact can explain the similar production 
achieved in both microreactors in the experimental results. Therefore, the achieved improvement 
at high residence times is lower than for cases with low residence time.  
At low residence time, the dispersion between the streams in the T-microreactor is much lower 
due to the fast flow velocity close to the interface (See substrate concentration profile in Figure 
5.26). When the enzyme streams are positioned next to the walls in the Five-stream microreactor 
the residence time of the molecules is higher and the diffusional mass transfer between the 
streams increases. Therefore, the improvement becomes much larger at low residence times. This 
trend of larger improvements at low residence times is also present in the simulations results (See 
Figure 5.27) 
 
 
Figure 5.27 – Product concentration for simulations of the T-microreactor and the Five-stream microreactor for the 
residence times 5 s, 10 s and 20 s. 
 
From the comparison between the simulation and the experimental results it is possible to verify 
that there is a considerable difference between the simulation values and the experimental values. 
This difference might be related to many factors and assumptions made along the project such as 
the diffusion coefficients collected from the scientific literature or the assumption of the 
percentage of enzyme present in the commercial preparation. Moreover, the enzyme and substrate 
streams have been combined before entering the microreactor and the compounds have already 
diffused to some extent between streams before reaching the microreactor chamber which might 
affect the yield results. 
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More experimental work is necessary to compare the Mixed flow microreactor (optimization 
initial configuration) with an optimized configuration such as the Three-stream or the Square 
microreactor. For this laboratory testing it is necessary to guarantee good mixing between the 
enzyme and the substrate streams. The streams should be mixed for a shorter period of time to 
avoid the formation of product before entering the reaction chamber. Currently, ensuring good 
mixing of these streams at the inlet and at the same time avoiding the product formation is the 
bottleneck which prevents the detailed laboratory comparison of the Mixed flow microreactor 
with one of the optimized microreactors. 
 
5.5 Concluding	remarks	
This chapter included an experimental study for verification of the topology influence on 
microreactor performance. The experimental investigation procedure consisted of four stages: 
determination of the kinetic reaction mechanism associated with the chosen reaction, topology 
optimization of the chosen microreactor through numerical and computational methods, 
fabrication of the intensified and the reference configurations according to the information 
gathered from the topology optimization and experimental test of the manufactured microreactors. 
The chosen reaction system for the topology optimization and further experimental work was the 
oxidation of ABTS to its radical by peroxidase by reducing H2O2. The concentration of H2O2 was 
maintained constant in order to guarantee that the reaction obeyed a Michaelis-Menten 
mechanism. The values of the determined reaction parameters are the following:	 ௠ܸ௔௫஺஻்ௌ ൌ
0.026	mM/min, ܭெ஺஻்ௌ ൌ 	0.76	mM and  ݇	௖௔௧஺஻்ௌ		732	sିଵ. The determined kinetic parameter 
values were found to be in good agreement with the reported values in the scientific literature.  
The results of the two-dimensional topology optimization indicate that the enzyme should be 
mostly immobilized at the area where low residence time streams occur, and in the area close to 
the outlet. This demonstrates that the low residence time streams contribute more for the product 
formation. The low diffusion of the substrate and product and the high reaction rate result in an 
insignificant production in the high residence time areas. Thus, the low residence time streams are 
not important for the microreactor yield in this case. 
Two-dimensional topology optimization experimental validation requires more work in order to 
improve the accuracy of the quantification of immobilized enzyme on the surface. Nonetheless, 
the covalent immobilization procedure using the photochemical reaction of glycidyl methacrylate 
with the thiol groups on the surface demonstrated promising results regarding the delineation of 
immobilization areas. Furthermore, the non-immobilization of peroxidase on the wall surface by 
adsorption contributes also to a precise definition of immobilization areas. Further work will be 
performed in order to quantify accurately the amount of enzyme on the surface and to validate 
experimentally the two-dimensional topology optimization results. 
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A three-dimensional topology optimization was applied to a squared channel considering free 
enzyme in solution. The computational study was performed by identifying the best areas to place 
the active enzyme at the inlet, and keeping the amount of active enzyme applied to the 
microreactor identical for all configurations. The final configuration of the microreactor structure 
obtained via topology optimization suggested that the enzyme streams should be placed next to 
the walls. From these results it was possible to conclude that good mixing might not be the only 
factor to consider for reactor design. In fact the placement of enzyme streams plays an important 
role in this specific case study. The placement of the enzyme solution stream close to the wall 
improves the production compared with a microreactor where the enzyme solution is well-
distributed. In fact, the yield improvement depends on the flow conditions, the diffusion 
properties of the compounds involved in the reaction, the local reactant concentrations and 
reaction rate. Therefore the intensification of a reactor should be performed by considering all 
these phenomena. 
Further computational investigations had to be performed since the fabrication of the optimal 
configuration would be rather complex. Therefore, eight different microreactors with different 
inlet configurations were simulated.  It was observed that the obtained structure from topology 
optimization did not correspond to the global optimum. This fact is one of the known drawbacks 
of the gradient-based optimization methods such as the Evolutionary Structural Optimization 
method that has been used here. Nevertheless, the topology optimization allowed collecting 
information for designing a structure which could be fabricated. 
The experimental verification of the optimization of the microreactor inlet configuration was 
performed by comparing the T-microreactor and the Five-stream microreactor configuration. The 
microreactors were chosen in order to simplify the fabrication process and to maintain the same 
conditions as used for the simulations. The fabrication of the initial configuration and structures 
such as the Three-stream and the Square microreactors requires further investigation in order to 
guarantee well-mixed streams of enzyme and substrate at the inlet.  
The comparison between the two microreactor configurations was done by operating the reactors 
with the same amounts of substrates and enzyme inside the reaction channel. The obtained results 
in this experiment verify the simulation results of the microreactor configurations. For all 
experiments, it was possible to verify that the Five-stream microreactor always performed better 
than the T-microreactor. Furthermore, the experimental results demonstrate that it is possible to 
produce more with the same amount of enzyme by placing the biocatalyst in strategic locations at 
the inlet of the microreactor. 
The simulation of the T- and the Five-stream microreactors for residence time 5 and 10 s show the 
same trend of improvement reduction. For low residence times the improvement between the two 
configurations is much higher than for high residence times. For high residence times the 
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substrate dispersion of the T-microreactor seems to approximate the dispersion values in the Five-
stream microreactor, and therefore performance of both reactors is quite similar. 
From the results obtained in this chapter, it is possible to confirm that topology optimization is a 
tool which can be applied to process intensification in microreactors. With this tool the design of 
the reactor is customized considering the reaction mechanism and the flow conditions. Although 
the studied microreactor has been very well described in the scientific literature, new and 
interesting aspects regarding the inlet configuration have been identified here with the help of 
topology optimization. 
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6 Conclusions	and	future	perspectives
 
6.1 General	conclusions	
The main goal of this Ph.D. project was to investigate the innovative application and development 
of shape and topology optimization for the intensification of microreactors and their validation. 
Both topology and shape optimization methods were successfully implemented by defining an 
interface between ANSYS CFX® and MATLAB®.  
The shape optimization method was used for optimizing a three-dimensional microreactor 
geometry. The aim of this study was to evaluate the impact of the microreactor shape on the 
reaction yield. The random search method was chosen for performing this optimization. The 
optimization cycle was straightforward to implement due to the simplicity of this technique. The 
presented case study differed from cases presented in scientific literature due to the three 
dimensional evaluation and the usage of a structured mesh with automatic adaptation to all 
generated geometries. The automatic generation of the structured mesh was the foremost 
challenge in the setup of the optimization procedure due to the complex definition of the strategy 
for minimizing the discontinuity of the domain. 
The starting point of the shape optimization was a YY-microreactor with a square shaped cross 
section along the z-axis of the reaction channel. The optimized microreactor shape is a very 
complex geometry with many curvatures. The expansions and shrinkages of the microreactor 
shell contributed greatly to the convective mixing of the parallel enzyme and substrates streams 
and consequently to the reaction yield improvement.  
The topology optimization was implemented by adapting the Evolutionary Structural 
Optimization method commonly used by mechanical engineers for the optimization of the layout 
Chapter 6 
 154 
 
of building or mechanic structures. This method considers that the structural elements contain a 
certain initial enzyme concentration. The adapted method differs from the original method in the 
process of removing inefficient structural elements. When an element is removed the amount of 
enzyme of that specific element has to be distributed over all the other elements which still 
contain immobilized or active enzyme. Otherwise the removal of elements would end up 
removing enzyme from the whole system and therewith would change the total amount of catalyst 
inside the reactor. 
The subsequent investigated method, the topology optimization, was implemented differently 
from the case studies presented in the scientific literature since it considers the enzyme 
concentration as the design variable and provides the opportunity to study more realistic 
problems. Furthermore, this method is also different since the flow profile is maintained constant 
and allows the identification of possible effects of the flow conditions on the local reaction rate 
and the product formation.  
A case study of topology optimization of a packed bed microreactor with asymmetric flow 
resulted in very different structures just considering different substrate concentrations and flow 
conditions between the two case studies. The chosen reaction mechanism of the enzyme followed 
the Michaelis-Menten equation and the kinetic parameters considered were: ݇௖௔௧ ൌ 100	ݏିଵ and 
ܭெ ൌ 25	݉ܯ. The case with lower substrate concentration (10 mM) resulted in positioning the 
enzyme in the streams with high residence time. However, not all high residence time streams had 
the same influence on the product concentration leaving the microreactor. Only the streams facing 
directly the outlet were the most important ones. The case with higher concentration (60mM) 
resulted in a configuration in which the enzyme should be placed in the low residence time 
streams instead. In fact, a study of the local conditions in the high residence time streams 
demonstrated that the concentration of substrate is low due to mass transfer limitations and 
therefore, do not contribute significantly to the outlet product concentration. 
The two-dimensional topology was applied to a parallelepiped microreactor with an inlet and an 
outlet. The inlet and the outlet are located at opposite sides of the chamber. The enzyme was 
immobilized on the top and the bottom inner walls of the microchamber. This geometry was 
optimized with two different reactions following the Michaelis-Menten mechanism. The reactions 
were characterized by a slow reaction in Chapter 4 (݇௖௔௧ ൌ 100	ݏିଵ, ܭெ ൌ 25	݉ܯሻ and a fast 
reaction in Chapter 5 (݇௖௔௧ ൌ 732	ݏିଵ, ܭெ ൌ 0.76	݉ܯ). In the case with the low reaction rate, 
the enzyme was immobilized mainly in the areas of high residence time streams. The flow 
velocity in these regions is low and thus the contact between the enzyme and the substrate is 
longer, contributing to the product formation. However, not all the high residence time streams 
contribute in the same way to the outlet product concentration. According to the optimization 
results, streams very close to the walls do not influence the reactor yield. The final enzyme 
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configuration resembles the spatial cell configurations documented previously in the scientific 
literature. 
The optimized distribution is characterized by immobilized enzyme in the areas of high residence 
time. The low substrate and product diffusion associated to the fast reaction rate result in mass 
transfer limitations inside the reaction chamber. 
As mentioned above, in Chapters 4 and 5 some geometries were investigated for different reaction 
systems and/or flow conditions such as the microreactor with immobilized enzyme on the wall 
surface and the packed-bed microreactor. The different conditions inside the microreactor for the 
several case studies demonstrated that even though the geometry was the same, the final 
configurations were very divergent. This indicates that every case is dependent on the residence 
times, the flow profile, local substrate concentration and the kinetics associated with the reaction. 
It was also shown that it is not always possible to identify a single cause for the optimal 
biocatalyst layout and the results might be a consequence of the combination of all factors stated 
above. Furthermore, it was confirmed that the optimized layout of the catalyst cannot be 
determined by simply looking at the initial configuration simulation results and making a decision 
based on those findings. From the analysis of the presented case studies it is possible to conclude 
that the CFD simulation results of the initial configurations do not give the information where to 
place the enzyme. This fact emphasizes the importance of topology optimization as a design tool 
and intensification of reactors. In Chapter 5 an experimental investigation of the influence of the 
microreactor topology on the product yield was presented. The used reaction for the experimental 
work was the oxidation of ABTS to its radical by peroxidase by reducing H2O2. The concentration 
of H2O2 was maintained constant in order to guarantee that the reaction was executed under a 
Michaelis-Menten kinetic mechanism. The values of the determined reaction parameters are: 
	 ௠ܸ௔௫஺஻்ௌ ൌ 0.026mM/min	, ܭெ஺஻்ௌ ൌ 	0.76	mM and  ݇	௖௔௧஺஻்ௌ ൌ 732	sିଵ.   
Experimental work was performed towards the validation of the two-dimensional optimization 
with the parallelepiped microsystem with immobilized enzyme on the wall surface with the fast 
reaction mentioned above. A squared-shape cross section microchannel with free enzyme in 
solution was used for experimental studies for the verification of the three-dimensional 
microreactor optimization. Both systems were computationally optimized and were thereafter 
fabricated. 
The computational results of the two-dimensional case study correspond to the case study with the 
fast reaction rate mentioned above. The covalent enzyme immobilization using the photochemical 
reaction of glycidyl methacrylate with the groups on the surface showed promising results 
regarding the delimitation of immobilization areas. However, the quantification procedure of the 
amount of immobilized enzyme on the surface has demonstrated to be quite erroneous. The 
quantification of immobilized enzyme is an important parameter in order to validate the topology 
optimization. The enzyme concentration on the wall surface duplicates along the optimization but 
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the immobilization surface in the final configuration is half than in the initial configuration. By 
adjusting the concentration to the immobilization surface area, the amount of enzyme (mol) in the 
microreactor is maintained constant between the designs. Therefore, more experimental work is 
necessary to accurately quantify the mass of immobilized enzyme.  
The three-dimensional computational optimization results have shown that the enzyme streams 
should flow close to the microchannel walls. In the scientific literature, it is usually reported that 
the enzyme streams should be distributed along the width of the channel. In this way, the 
diffusion path between the enzyme and substrate streams is shorter and consequently, better 
mixing and product yields are achieved. However, the topology optimization has demonstrated 
that a well-mixed microreactor, considered by many microfluidics experts as an efficient system, 
has its limitations and can actually be further optimized. The main conclusion from the outcome 
of the computational optimization is that the yield improvement is also related to the flow 
conditions, substrates and enzyme diffusion rates, local concentrations and the reaction rate. Thus, 
the intensification of a reactor also requires an evaluation of the combination of all these 
phenomena and topology optimization is a suitable tool for the systems’ development. 
Since the fabrication of the optimal reactor configuration was very complex, further 
computational studies were performed in order to identify a feasible system. The investigated 
systems were designed considering the outcome of the optimization: the enzyme streams should 
flow close to the walls. These studies have shown that the optimal configuration was in fact not 
the global optimum. In fact one of the drawbacks of the ESO method is the high probability of 
converging towards a local optimum due to its gradient-based procedure. The experimental 
verification was performed by comparing a T-microreactor and a Five-stream microreactor. The 
T-microreactor has two laminar parallel streams entering, one with enzyme solution and one with 
substrate solution. The Five-stream microreactor inlet is characterized by five streams: a diluted 
substrate solution in the center stream and the lamination between a stream of enzyme solution 
and a stream of concentrated substrate solution at each side of the center stream. From the 
computational studies it was verified that the Five-stream microreactor has a better performance 
than the T-microreactor. And indeed, during experimental work, the Five-stream microreactor has 
performed better than the T-microreactor for all investigated residence times. It was verified that 
it is in fact possible to improve the reaction yield by placing the enzyme solution in the high 
residence time streams. Furthermore, it was also shown that it is possible to increase the 
production per same amount of enzyme and substrates in the same reactor volume by solely 
modifying the position of the enzyme and substrate streams at the inlet. With respect to the 
topology optimization validation, further experimental work has to be performed in order to 
decide whether the simulation predicts the performance correctly or not.  
Comparing the topology and the shape optimization techniques, the first was simpler to 
implement due to the straightforwardness of the random search method. However, the 
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optimization cycle using the gradient free method was exponentially larger than the gradient-
based cycle applied to topology optimization. Thus, the gradient-based method allowed faster 
achievement of results. Nonetheless, the gradient-based method presents a high probability of 
converging to a local minimum. One of the case studies for experimental validation has actually 
shown that the optimized geometry corresponded to a local optimum. In fact even better 
configurations were achieved through further computational investigation. Regarding the other 
presented optimal configurations in this thesis it is not possible to guarantee that they are a global 
optimum either. Despite the local optimum convergence, an optimal configuration can be 
obtained from gradient-based optimization methods which can be afterwards tested. Moreover, 
finding configurations through shape and topology optimization, even though they are at a local 
minima, avoid expensive experiments in order to find an improved configuration.  
In conclusion, I showed successfully that shape optimization and topology optimization methods 
from mechanical engineering can be applied to the early stage development of microreactors 
design. It has also been demonstrated that a new strategy for designing reactors has been found. It 
was shown that it is possible to develop reactor configurations which can be customized 
according to the reaction mechanism, flow conditions and diffusion of the compounds.  
 
6.2 Future	work	
The validation of topology optimization is still required and therefore more experimental work is 
necessary. The validation will be done by continuing the work presented in Chapter 5. The 
validation of the two-dimensional topology optimization will be performed by using the systems 
with immobilized enzyme on the wall surface. When the biocatalyst amount determination is 
accurate enough the optimal configuration obtained through the computational study will be 
tested and compared with the initial configuration. Regarding the three-dimensional topology 
optimization validation will be performed using the well-mixed microchannel. The main 
challenge at the moment is to guarantee the good mixing between the substrate and the enzyme 
streams at the inlet and avoiding the product formation at the same time. 
The application of topology optimization to chemical processes is still in early development and 
for now it has mostly been implemented in microscale. The method used in this thesis is usually 
applied to mechanical engineering problems and therefore, it had to be adapted to chemical 
engineering problems. Although, it has successfully been applied in these case studies it might 
need to be adapted again to different investigations. Thus, the development of topology 
optimization methods applied to chemical engineering might be a requirement for further 
application of this methodology.   
The case study for the application of shape optimization has shown that the mixing was the most 
important phenomenon for that specific reaction system and microreactor geometry. However, the 
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mixing might not be the dominant aspect in all systems and for other systems it might be possible 
to observe the microreactor shape impact on operation in-situ product removal strategies in order 
to overcome product inhibition or/and unfavorable equilibrium. Moreover, shape optimization can 
be applied to other structures in chemical processes such as impellers and static mixers. 
Topology optimization was applied to the distribution of the enzyme inside the reactor. 
Nonetheless, this method could also be applied to other types of catalysts, such as cells and 
chemical catalysts. Looking at the long term, topology optimization could also be applied to 
multi-enzyme reaction systems such as cascade systems. Cascade systems are based on 
performing a sequence of two reactions: the first corresponds to the enzymatic synthesis of the 
desired product and the second enzymatic reaction has the function to remove the co-product 
inhibitory co-product or to shift the unfavorable equilibrium of the first reaction. Additionally, 
topology optimization can also be applied to more complex systems and be applied to both the 
catalyst and the substrate streams in a case with free catalyst in solution.  
The presented case studies in this thesis were separate applications of shape and topology 
optimization. An interesting case to investigate would be to join the shape and topology 
optimization for intensification of reactors. In this way it would also be possible to optimize both 
the spatial distribution of enzyme and the flow conditions. 
The implementation of these optimization methods for large scale reactor design should be 
investigated. These techniques have the potential to generate know-how for the industry and 
develop new strategies for developing reactors at higher scale. 
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Determination of the kinetic parameters K୑,ୟ୮୮୅୆୘ୗ  and V୫ୟ୶,ୟ୮୮Solutions 
Preparation of potassium phosphate buffer (100 mM) at pH 5 
1L in distilled water using Potassium Phosphate monobasic (purchased at Merck KGaA, product 
number 1.04877.1000). Adjust to pH 5 at 25°C by adding 1 M of KOH (purchased at Merck 
KGaA, product number 1.05033.0500). 
 
Preparation of potassium phosphate buffer (40 mM) at pH 6.8 
1L in distilled water using Potassium Phosphate monobasic (purchased at Merck KGaA, product 
number 1.04877.1000). Adjust to pH 6.8 at 25°C by adding 1 M of KOH (purchased at Merck 
KGaA, product number 1.05033.0500). 
 
Preparation of hydrogen peroxide (100 mM) in potassium phosphate buffer (100 mM) at pH 5  
100 mL solution of 100 mM of peroxide from 3% (w/w) Hydrogen Peroxide Solution (purchased 
at Sigma Aldrich, product number 88597) in potassium phosphate buffer (100 mM) at pH 5. 
 
Preparation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) Substrate Solution (ABTS) 
solutions (0.06, 0.1, 0.2, 0.6, 1, 2, 6 and 10 mM)  
5 mL of the following solutions of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) 0.06, 0.1, 
0.2, 0.6, 1, 2, 6 and 10 mM in the solution of 100 mM hydrogen peroxide and potassium 
phosphate buffer (100 mM) pH 5. The substrate used was 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) diammonium salt (purchased at Sigma Aldrich, product number 11557). 
 
Preparation of peroxidase from horseradish solution potassium phosphate buffer (40 mM) pH 
6.8  
25 mL of approximately 0.6 U/mL horseradish peroxidase according to the information on the 
flask. (Purchased at Sigma Aldrich, product number P8125) 
 
Preparation of the microwell plate for analysis  
Three types of solutions were pipetted into microwell plate before the insertion of the microplate 
in the reader. The used microwell plate was the Nunc MicroWell™ 96 well polystyrene plate, flat 
bottom (product number 260210), purchased at Thermo Scientific. The pipetted solutions were 
the reactants solution, and the base for the blanks. In this case two kinds of blanks were used: one 
containing enzyme solution and buffer solution and the other containing reactants and phosphate 
buffer solution. Table B-1 summarizes the volume of reactants solution in the well for the reaction 
and Blank 2 and the volume of the phosphate buffer solution for Blank 1. The addition of the 
other solutions is made automatically by the spectrophotometer just before the start of the 
absorbance measurements. 
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Table B-1– Summary of the phosphate buffer volume and reactants solutions pipetted into the microwells. 
Solution Reaction 
Blank 1 
with enzyme solution 
and without reactants 
Blank 2 
with reactants and 
without enzyme 
solution 
Phosphate buffer 
solution 100 mM, pH 
5 
- 190 - 
Reactants solution 190 - 190 
Number of replicates 6* 3 3 
*for each ABTS solutions 
 
 
Measurements with microplate reader 
The used microplate reader POLARstar, Omega series from BMG LABTECH has the possibility 
of inserting an enzyme solution and buffer solution in the well just before starting the 
measurement using a syringe pump located in the reactants compartment (See Figure B-1). 
 
Figure B-1- a) Microwell plate reader POLARstar from BMG LABTECH, b) Reactants compartment with two syringe 
pumps. 
 
After placing the reactants solution and placing the blanks in the microwell plate, the enzyme 
solution and the buffer solution were placed inside the syringe compartment. The syringe 
compartment features two syringe pumps with 500 μL capacity. One of the syringe pumps is 
filled with enzyme solution and the other syringe pump is filled with the buffer solution. Usually, 
the syringe pumps are filled with distilled water and therefore they are primed before performing 
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the kinetic measurements. The procedure to prime a syringe is a series of filling up and emptying 
the syringe pumps with the desired solution. A syringe pump is primed in order to ensure that the 
concentration inside the syringe, thesyringe pump valve and in the tubes connecting to the main 
solution and to the injection compartment is uniform and equal to the enzyme or buffer solution. 
The two syringe pumps were primed with 4.5 mL of the potassium phosphate buffer (40 mM) pH 
6.8 and with 4.5 mL of horseradish peroxidase solution, respectively. 
Before starting reading the absorbance of the solution in the wells, 10 μL of the enzyme solution 
or potassium phosphate buffer solution are added using the syringe pumps to the corresponding 
blank or reaction well. All this procedure is programmable using the software of the microplate 
reader. The absorbance at the wavelength of 414 nm is read for an experimental interval of 120 s 
all 5 s, corresponding to a total of 24 measurements points.  
The path length corresponds to the height of the liquid inside the well. The microplate reader 
software has the option of adjusting the path length to 1 cm accordingly to the volume in the well 
by selecting the option Path length correction.  
 
 
 
Determination of the kinetic parameter kୡୟ୲,ୟ୮୮୅୆୘ୗ   
Solutions 
Preparation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) Substrate Solution 
(ABTS) solutions (12 mM)  
Prepare 5 mL of the following solutions of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) 
12 mM in the solution of 100 mM hydrogen peroxide and potassium phosphate buffer (100 mM) 
pH 5. The substrate used was 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium 
salt, product from Sigma Aldrich, product number 11557. 
 
Preparation of peroxidase from horseradish solutions with different concentrations 
potassium phosphate buffer (40 mM) pH 6.8 
Prepare 10 mL solutions of concentrations approximately between 0.6 and 4.5 U/mL of 
peroxidase from horseradish. (Product from Sigma Aldrich, product number P8125) 
 
Preparation of the microwell plate for analysis  
Three types of solutions were pipetted in to microwell plate before the insertion of the microplate 
in the reader. The inserted solutions were the reactants solution, and the base for two blank. In this 
case two blanks were used: one containing enzyme solution and buffer solution and the other 
containing reactants and buffer solution. Table B-2 summarizes the volume of reactants solution 
in the well for the reaction and Blank 2 and the volume of the buffer solution for Blank 1. The 
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addition of the other solutions is made automatically by the spectrophotometer just before the start 
of the absorbance measurements.  
 
Table B-2– Summary of volume phosphate buffer and reactants solutions pipetted into the microwells. 
Solution Reaction 
Blank 1 
with enzyme solution 
and without reactants 
Blank 2 
with reactants and 
without enzyme 
solution 
Phosphate buffer solution 
100 mM, pH 5 
- 95 - 
Reactants solution 95 - 95 
Number of replicates 6* 3 3 
              *for each enzyme solution 
 
Measurements with spectrophotometer 
One of the syringe pumps was primed with 4.5 mL one of the enzyme solutions before being used 
for the kinetic parameters determination. The other syringe pump was primed with 4.5 mL of the 
potassium phosphate buffer (40 mM) pH 6.8 before being used for the kinetic parameters 
determination. 
Before starting reading the absorbance of the well, 5 μL of the enzyme solution or potassium 
phosphate buffer solution are added using the syringe pumps to the corresponding blank or 
reaction well. All this procedure is programmable using the software of the microplate reader. The 
absorbance at the wavelength of 414 nm is read for an experimental interval of 120 s all 2 s, 
corresponding to a total of 60 measurements points.  
The procedure was repeated for all the enzyme solutions. 
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Evaluation of two-dimensional topology optimization microreactors configurations 
performance  
Solutions 
Preparation of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) Substrate Solution (ABTS) 
solutions (1 mM) 
Prepare 10 mL of 1 mM solution of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) and 100 
mM hydrogen peroxide and potassium phosphate buffer solution (100 mM) pH 5. The substrate 
used was 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (product from 
Sigma Aldrich, product number 11557). 
 
Microreactor molding 
The microreactor chambers were fabricated using a polymer made of a crosslinked thiol-ene 
network. The crosslinked thiol-ene network was prepared with pentaerythritol tetrakis (3-
mercaptopropionate) (PETMP) (purchased at Sigma Aldrich, product no. 381462), triallyl-1,3,5-
triazine -2,4,6(1H,3H, 5H)-trione (TATATO) (purchased at Sigma Aldrich, product no.114235)  
and bisphenol A diglycidyl ether (BADGE) (purchased at Sigma Aldrich, product no. D3415). 
The microreactor was prepared by molding each of the top and the bottom halves of the chip. The 
molding process involved the following steps. A master mold was micromilled with the shape of 
the microreactor on a plate of poly(methyl methacrylate) (PMMA). Polydimethylsiloxane 
(PDMS) was used to produce the mirrored-image mold of the master mold. The combination of 
the tetrathiol, triallyl and diepoxy monomers was mixed together with a Lucirin® (purchased at 
BASF GmbH Germany) as photoinitiator in order to form a stable network. The mixture was then 
degassed and transferred onto the PDMS mold.  The mold with the crosslinked thiol-ene network 
was afterwards exposed to UV-irradiation to cross -link. After the two halves of the microreactor 
chamber were cured, they were assembled and placed for 2 hours in the oven at 80°C. In this step 
the excess of thiol and epoxy groups on the surfaces of both halves of the microchip react with 
each other assuring the covalent bonding of the two surfaces. This procedure is described in more 
detail by Mazurek and his co-workers 146,147. 
 
Surface modification of the reaction microchamber and enzyme immobilization 
The microchip was filled with glycidyl methacrylate (purchased at Sigma Aldrich, product no. 
151238) (1.0 mL, 7.2 mmol) in ethanol (1.0 mL) containing Lucirin® (purchased at BASF GmbH 
Germany) (0.05 mol% to allyl component) as photoinitiator. 
The microchip was then covered by a polypropylene stencil mask. The chamber was exposed to 
UV-radiation for 3 minutes in order to promote the photochemical reaction between the glycidyl 
methacrylate molecules and the thiol groups.  
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For immobilization of peroxidase, the microreactor was filled with enzyme (1 mg/mL) in 
phosphate-buffered saline (PBS) solution (pH 7) and was left for reaction during 16h at 4°C. After 
the immobilization procedure, the microreactor was flushed with PBS solution. 
 
 
 
 
 
Control measurement - Preparation of a reference microreactor – no enzyme immobilized 
The microreactor configuration to set the reference or blank experiment was prepared with a 
surface treatment with glycidyl methacrylate molecules. The microreactor was filled with 
phosphate-buffered saline (PBS) solution (pH 7) and it was left inside the refrigerator for 16h at 
4°C. 
 
Control measurement - Preparation of microreactor with enzyme immobilized by 
adsorption 
The microreactor configuration to test possible immobilization of enzyme by adsorption to the 
microreactor surfaces was prepared without the surface treatment with glycidyl methacrylate 
molecules. The microreactor was filled with enzyme (1 mg/mL) in phosphate-buffered saline 
(PBS) solution (pH 7) and it was left reacting during 16h at 4°C. After the immobilization 
procedure, the microreactor was flushed with PBS solution. 
 
Analysis of the microreactors performance  
The microreactor inlet is connected to a syringe pump (500 μL) which was filled with the 
substrate solution. The flowrate was set to ensure that the residence time inside the microreactor 
would be an average of 60 seconds; therefore the flowrate was set to 225 μL/min. The outlet is 
connected to an 8-port injection valve of the model VICI E45-230 - CR2 head. The 8-port valve 
establishes the connection between the outlet of the microreactor and the UV-detector of the 
model Agilent G1315AR or the waste vessel. The valve also makes the connection between the 
eluent flow (phosphate buffer solution (100 mM) pH 5) and the UV-detector or the waste vessel. 
The eluent is pumped by an HPLC pump (model Knauer Smartline 100) at 0.6 mL/min into the 
UV-detector while there is no sample collection. For collecting a sample, the valve changes 
position from the eluent flow to the outlet of the microreactor flow. Then, the outlet of the 
microreactor flow is send into the tube that connects to the UV-detector. Immediately after, the 
valve returns to its initial position and the eluent carries the sample into the UV-detector. A 
sample of 5 μL (volume of the connecting tube) is collected every 15 s for 30 minutes for each 
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microreactor configuration. The absorbance at 414 nm was read for each sample. The absorbance 
peaks of each sample are evaluated by performing the integration of the peak area. 
 
Evaluation of three-dimensional topology optimization microreactors configurations 
performance 
 
Preparation of diluted substrates solution - 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic 
acid) Solution (ABTS) solutions (10 mM) and of hydrogen peroxide (100 mM)  
Prepare 10 mL of solution composed of 10 mM of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic 
acid) and 100 mM hydrogen peroxide and potassium phosphate buffer solution (100 mM) pH 5. 
The substrate used was 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt 
(product from Sigma Aldrich, product number 11557). 
 
Preparation of concentrated substrates solution - 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulfonic acid) Solution (ABTS) solutions (20 mM) and of hydrogen peroxide (200 mM) 
Prepare 10 mL of solution composed of 20 mM of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic 
acid) and 200 mM hydrogen peroxide and potassium phosphate buffer solution (100 mM) pH 5. 
The substrate used was 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt 
(product from Sigma Aldrich, product number 11557). 
 
Preparation of horseradish peroxidase solutions  
Prepare 10 mL of horseradish peroxidase solution with concentration of 0.1 mg/mL of lyophilized 
enzyme preparation from Sigma Aldrich, product number P8125. Prepare two solutions of 
horseradish peroxidase (15 mL) with the following concentrations 10-4 mmol/L and 5·10-5 
mmol/L considering that the molecular weight of the lyophilized preparation is 44000 g/mol and 
that the preparation contains 15% (w/w) of enzyme. 
The enzyme solutions concentrations were determined considering that the molecular weight of 
the lyophilized preparation is 44000 g/mol and that the preparation contains 15% (w/w) of 
enzyme. 
 
Analysis of the microreactors performance  
The T-microreactor inlets were connected to two syringe pumps (50 μL) (model Cavro XLP6000, 
from Tecan) which contained the peroxidase solution (5·10-5 mM) and the substrates solution (20 
mM ABTS, 200mM H2O2), respectively. The Five-stream microreactor inlets were connected to 
three syringe pumps (50 μL) (model  Cavro XLP6000, from Tecan) which contained the 
concentrated substrates solution (20 mM ABTS, 200mM H2O2), the diluted substrates solution 
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(10 mM ABTS, 100mM H2O2) and the enzyme solution (1·10-4 mM). The flowrate was set to 
ensure that the residence time inside the microreactor would be approximately 20, 10 and 5 
seconds. The flowrates were calculated considering the microreactor volume, 16 μL. The 
flowrates for the experiments with T-microreactor and Five-stream microreactor at the different 
residence times are summarized in Table B-3 and Table B-4, respectively. 
Table B-3 – Flowrates for the experiments with the T-microreactor. 
Residence time (s) Flowrate (μL/min) 
Substrates solution Enzyme solution 
5 96 96 
10 48 48 
20 24 24 
 
 
Table B-4 – Flowrates for the experiments with the Five-stream microreactor. 
Residence time (s) 
Flowrate (μL/min) 
Diluted substrates solution Concentrated substrates solution 
Enzyme solution 
(10-4 mM) 
5 96 48 48 
10 48 24 24 
20 24 12 12 
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Appendix D presents the description of the different microreactor configurations presented in 
section 5.4.1.3 - Selection of the microreactor configuration for experimental testing. Moreover, 
the results of the CFD simulations are also presented in detail. The simulation results are 
presented only for the microreactors a), b), c), e), f) and g). The results for the microreactor 
configurations d) and h) correspond to the initial and the final configurations of the topology 
optimization of the microchannel with free enzyme in solution, respectively and the results are 
presented in section 5.4.1.2 – Results and discussion. 
The reader should note that although the concentration of the substrate and the enzyme streams at 
the inlet is different between configurations, the average amounts of enzyme and substrate (mol) 
inside the microreactor per time unit are the same for all configurations in order to allow a fair 
comparison. 
 
T-microreactor (Figure 5.17 a)) 
The T-microreactor analyzed in this study is similar to the YY-microreactor presented in Chapter 
3 for shape optimization and of the study presented by Bodla et al.101 (which has been presented 
in Chapter 2). However the length is changed to 50 mm, and the inlet streams form 90° angles 
with reaction channel. The inlet is divided in two streams of equal width (0.25 mm) and one inlet 
the stream contains 5·10-5 mM of peroxidase while the other inlet the stream contains 20 mM of 
ABTS (See Figure D-1).  
 
 
Figure D-1– Inlet configuration. Enzyme concentration 2[E] = 5·10-5 mM and substrate concentration 2[S] = 20 mM. 
 
8-stream microreactor with separation of enzyme and substrate streams (Figure 5.17 b)) 
The 8-stream microreactor presented in this investigation is similar to the one presented by Bodla 
et al. 101 but its length corresponds to 50 mm. The inlet is divided into eight streams of equal 
width (0.0625 mm) and a stream containing 5·10-5 mM of peroxidase enters in four of the inlets 
and a stream containing 20 mM of ABTS enters in the other four inlets. The different enzyme and 
substrate streams are dispositioned alternated and forming an interdigitation between them (See 
Figure D-2).  
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Figure D-2 – Inlet configuration. Enzyme concentration 2[E] = 5·10-5 mM and substrate concentration 2[S] = 20 mM. 
 
8-stream microreactor with substrate concentration uniform at inlet and separation of 
enzyme streams (Figure 5.17 c)) 
The 8-stream microreactor shape presented here is the similar to the as the one presented by Bodla 
et al.101  but the substrate supply is different compared with the previous case. The inlet is divided 
into eight streams of equal width (0.0625 mm) (See Figure D-3). In this microreactor, the 
substrate enters in all streams of the inlet and therefore, its concentration is uniform for the inlet 
cross section of the microreactor (10 mM). The enzyme enters in every other inlet stream at a 
concentration of 5·10-5 mM. This configuration will allow the investigation of the mixing by 
spreading the enzyme in different streams at the inlet. Moreover, the substrate concentration is 
uniform for the cross section of the microreactor and therefore the diffusion limitations will only 
be caused by the enzyme. 
 
 
Figure D-3 – Inlet configuration. Enzyme concentration 2[E] = 5·10-5 mM and substrate concentration [S] = 10 mM. 
 
Five-stream microreactor with low substrate concentration at the center and separation of 
enzyme and substrate streams on the inlet sides (Figure 5.17 e)) 
The Five-stream microreactor configuration is characterized by a center stream with half of the 
width of the microreactor (width 0.25 mm) and by four streams located at the sides of the center 
stream (width 0.125 mm, height 0.25 mm) (See Figure D-4). 
The substrate enters in three of the inlet streams: in the center stream (10 mM) and in the two 
bottom streams located on the side of the center stream (20 mM). The enzyme enters in the two 
top streams located on the side of the center stream at concentration of 10-4 mM. The enzyme 
concentration is four times the inlet enzyme concentration in the Mixed flow microreactor since 
the areas of the enzyme streams correspond to a total of a quarter of the entire inlet area.  
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Three streams meet at the inlet of the microreactor: two streams containing the lamination of 
substrates and enzyme streams, entering close to each side wall of the channel and one stream 
containing the standard substrate solution (10 mM ABTS) entering in the middle of the channel 
(See Figure D-4).  
                                                                    
Figure D-4 - Inlet configuration. Enzyme concentration 4[E] = 10-4 mM, substrate concentration in concentrated 
solution and [S] = 20 mM and substrate concentration in diluted solution [S] = 10 mM. 
 
Square microreactor, with uniform substrate concentration at inlet and placement of 
enzyme stream close to the walls of the microreactor (Figure 5.17 f)) 
The square microreactor configuration is characterized by a centered inner square of half of the 
cross sectional area of the microreactor (width and height 0.3536 mm) and by a rectangular ring 
inlet around the inner square (See Figure D-5). 
The substrate enters in both streams of the inlet at the same concentration (in the ring and in the 
inner square) and therefore, its concentration is even across the inlet section of the microreactor 
(10 mM). The enzyme enters in the ring stream at a concentration of 5·10-5 mM. This 
investigation might be a realistic option for fabrication since its configuration is close to the one 
obtained by topology optimization. 
 
 
Figure D-5 – Inlet configuration. Enzyme concentration 2[E] = 5·10-5 mM and substrate concentration [S] = 10 mM. 
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Three-stream microreactor, with substrate uniform concentration at the inlet and 
placement of enzyme streams on the sides of the microreactor (Figure 5.17 g)) 
The Three-stream microreactor configuration is characterized by a center stream with half of the 
width of the microreactor (width 0.25 mm) and by two streams located at the sides of the center 
stream (width 0.125 mm) (See Figure D-6). 
The substrate enters in all streams of the inlet and therefore, its concentration is even at the inlet 
cross section of the microreactor (10 mM). The enzyme enters on side streams at concentration of 
5·10-5 mM.  
 
 
Figure D-6 – Inlet configuration. Enzyme concentration 2[E] = 5·10-5 mM and substrate concentration [S] = 10 mM. 
 
The overview of the enzyme, substrate and product concentrations inside the microchannel all the 
configurations described above are presented in Figure D-7.  
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 Figure D-7 – Overview of enzyme and substrate distribution and product formation in all microreactor 
configurations. 
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